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Du Bois-Reymond, who first discovered the negative variation of the 
demarcation potential of nerve during activity, also observed that at the 
end of a tetanus the needle of his galvanometer always returned more or 
less incompletely to its original position. Little attention was paid to 
this observation, however, and the center of interest turned rather toward 
the positive after-effect which was later described by Hering. It was only 
when the technique of electrical recording had evolved so that the poten- 
tials of single impulses could be measured, that the prolongation of the 
negative potential was noted with any regularity. Gotch and Burch, 
working with the capillary electrometer, found that the rapid upward 
movement was followed by a prolonged “tail’’ which had a much lower 
}.M.F. and disappeared relatively slowly. The data for their nerve II, 
when plotted, give a good general picture of the whole process. It lasted 
600 at 4° to 6°C. Further work with the capillary electrometer was done 
by Boruttau and Frohlich; in their experiments they noted that the nega- 
tive after-effect increased as the nerve deteriorated. The long duration 
of the action potential first came to our notice in a paper by Forbes and 
Thatcher. They found that single responses of frog nerve as recorded 
with the string galvanometer, after amplification through a vacuum tube, 
had in certain cases a very prolonged duration. After showing that this 
long duration was not an artifact introduced by the apparatus they con- 
cluded that it must have been due to a seasonal variation in the frogs. 
Their figure for a normal nerve (fig 26, 1A) had a very definite if much 
smaller prolongation, however; and, wen we came to record amplified 
nerve action potentials with the string galvanometer, tracings very similar 
to it were obtained. With the development of the Braun tube technique 
the same prolongation was again apparent and records were prepared and 
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demonstrated at the XIth International Physiological Congress at Edin- 
burgh, which showed the prolongation of the negativity in both string 
galvanometer and Braun tube records taken from the same nerve. In the 
same year Broemser published records made with the string galvanometer 
without previous amplification. As he describes the response, every curve 
shows in addition to the main deflection a distinct, relatively slow after- 
effect of the same sign but of a relatively lesser magnitude. 

The subject has recently received an important contribution in a paper 
by Levin, to which we will refer in more detail later. He found that each 
impulse in crustacean nerve leaves behind it a particularly marked ‘“‘reten- 
tion of current’”’ which, after repeated stimulation, becomes so great that 
but little back swing of the galvanometer (Downing type) occurs on cessa- 
tion of stimulation. These facts have been confirmed by Furusawa. In 
mammalian nerve both negative and positive after-effects have been 
mentioned by Gerard and Forbes; and Davis, Pascual, and Rice have ob- 
served that the after-effect in the femoral nerve of the cat is increased 
from 250 to 50-100c, when exposed to CO, (string galvanometer, 23°C.). 
Most recently the after-effect in frog nerve has been made a special subject 
of investigation by Amberson and Downing, with the aid of the latter’s 
galvanometer. When a nerve had been fatigued by a period of tetanic 
stimulation they found that single impulses were followed by periods of 
after-negativity lasting up to 1 second; then the deflection regularly passed 
through zero so that the proximal lead became positive to the distal. 

The accumulated evidence thus renders it apparent that from now on it 
will be necessary in discussions of the axon action potential to speak differ- 
entially of its two parts; and therefore it is necessary to settle upon a termi- 
nology. After considering various possibilities we have decided upon 
“spike” and “after-potential.’”’ The former term was used by Burdon- 
Sanderson for the probably homologous element in the muscle action 
potential; and the latter term has the double advantage that it refers only 
to a potential and that, while it is entirely non-committal as to whether 
or not this potential is continuous with the spike, it covers the situation 
satisfactorily if, as is probably the case, the after-potential is separate. 
Unless qualified the term will be used as meaning a negative after-potential. 
We considered the adoption of the term after-effect which has been used 
in this connection but it was rejected because it has also been used for 
such phenomena as the refractory period. 

A number of problems in connection with the after-potential remain 
unsolved,—for instance its magnitude with respect to that of the spike, 
and the relation of both its magnitude and duration to the other measurable 
events occurring during nerve activity. 

THE MAGNITUDE OF THE AFTER-POTENTIAL AS COMPARED WITH THE 
SPIKE. While some of the methods which have been used have been cap- 
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able of revealing with approximate accuracy the duration of the afte 
potential. particularly when the latter is prolonged, none of them has given 
any information as to its height in comparison with the potential developed 
at the crest of the spike. This is because the spike is treated more or less 
ballistically by the galvanometer, while the after-potential is to a very 
considerable extent directly measured. The relationship of the after- 
potential to the spike potential was accordingly made the first subject 
of investigation. 

Metuop. While ordinary three-panel amplification is sufficient for the 
demonstration of the after-potential in Braun tube records, the effect can 
be studied in much greater detail with four-panel amplification. A direct 
calibration of the apparatus as used in the following experiments showed 
that one-tenth of a millivolt gives a deflection of 26 mm. when the Braun 
tube is operated with a driving voltage of 300. The sensitivity is thus 
brought into the range of a very sensitive galvanometer, 26 em. per milli- 
volt, which may be compared with the figure of 35 em. per millivolt given 
by Amberson and Downing. As this sensitivity is gained with a system 
that records without lag, the crest height is accorded its full value and is 
directly comparable to the after-potential recorded under the same condi- 
tions. For practical reasons it is often desirable to operate the Braun 
tube at 400 volts so single spike potentials may be recorded, and then to 
measure the after-potential without changing the conditions; in this cass 
the sensitivity is cut down 26 per cent, but it is still more than adequate 

Since the spike height, equivalent to the after-potential recorded, would 
be two to four meters, depending upon the strength of stimulation and 
therefore the proportion of the nerve fibers brought into activity, the spike 
potentials were recorded at three panels, with the input shunted. The 
full three-panel height was then computed and multiplied by the augment- 
ing power of the fourth panel to obtain the height equivalent to that of 
the after-potential, which was measured with four panels. 

Before proceeding further it was necessary to determine the capacity of 
the system to take care of potentials of the duration involved, that is, to 
estimate the distortion due to the series capacities. As a preliminary to 
this determination all the coupling condensers were increased to 4 mf. and 
all the leaks decreased to one reciprocal megohm. Two questions had to 
be answered: 1, how much would potentials of the magnitude of the after- 
potential seem to decrease during the period of their existence, due to the 
filling of the series condensers; and 2, for the same reason, how much would 


potentials of the magnitude and duration of spike potentials on cessation 


depress the base line, and thereby introduce an error into the reading of 
the duration of the after-potential and finally simulate a positive deflection 
of nervous origin. 

The first question is answered by the first tracing in figure 1. As the 
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after-potentials are regularly recorded with four-panel amplification, a 
potential of 0.1 millivolt was applied to the input of the amplifier when 
operating at this sensitivity. The figure gives the result when the poten- 
tial lasted 1200 ‘If it be closely inspected it can be seen that there is a 
very slight depression of the base line, showing that the recorded potential 
had decreased a few per cent. This amount, which offers no serious error 


big. 1. Calibration of the effect of the series condensers in the recording system; 
4 panel amplification 

1. 0.1 my. input, 0.5 mf., 400,000%, X 100. Duration of constant potential 120c. 
Time marked in 25o intervals 

2. 20 mv. input, 0.5 mf., 50,C00*, X 100. Duration of constant potential 3.75. 
Time marked in 50 intervals 

3. 30 my. input, 0.5 mf., 280,000, X 96. Duration of constant potential 8.4¢. 
Time marked in 25o intervals 


at 1200, would dwindle to insignificance at the durations of the normal 
after-potentials which are much shorter than this. It would, however, 
become appreciable in the very long after-potentials found in deteriorated 
and poisoned nerve, and would to a greater extent tend apparently to 
shorten the positive phase. The second question is answered by the 
second and third tracings in figure 1. An input of 20 millivolts was used; 
this would mean an output potential determined by the limits of the char- 
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acteristic of the vacuum tubes and would be as great as any ever obtained 
i 


from a nerve. Tracing 2 shows the beginning and ending of a potentia 
lasting 3.750 and makes it apparent that there is no visible discontinuity 
inthe Naxis. Tracing 3 is a record made at another time, when the input 
was 30 millivolts and the duration 8.40. Here the filling of the condensers 
was sufficient to produce a very minute depression of the base line, but 
the area of the potential-time impressed on the input was at least 15 times 
that which could arise from any spike potential in nerve. Furthermore, 
the X axis appears perfectly straight after the cessation of the impressed 
potential, while the positive after-potential record is curved. Therefore, 
the positive after-potentials which are to be deseribed cannot be artifacts 
introduced by the apparatus; and the same may be said for the negative 
after-potentials, on account of the rectangular ending of the potential- 
records in figure 1. 

The principal source of error in the measurement of the after-potential 
arises from the fact that the electrical potential at any point on a nerve 
ean only be measured by comparing it with some other point. What is 
sought experimentally is a comparison of a normal point with one which 
does not change, that is of a normal portion with a dead portion; but prac- 
tically this is unattainable, for somewhere there must be a transition from 
dead to live nerve, and the dead end acts as a lead from the greatly injured 
nerve at the junction. This gives rise to the diphasic artifact of the spike 
as has been explained in some detail by Bishop, Erlanger and Gasser. As 
one goes through the published records of action potentials it is found to be 
generally present, for instance, in the capillary electrometer records of 
Goteh and Burch (nerve I), in the string galvanometer reeords of Forbes 
and Thatcher and of Broemser, and in our own Braun tube records. When 
the stimulus is close to the lead the diphasic artifact comes just after the 
single spike; when conduction is permitted, the portion of it belonging to 
a and 6B waves often falls between 8 and y giving the latter a fietitious 
prominence. When high amplification is used and the potential recorded 
with a slow movement of the spot in the X direction, the diphasie artifact 
becomes very prominent although the potential of the second phase is 
so small as to be searcely visible in three-panel records and amounts to 
less than one per cent of that of the first phase. 

It is impossible to eliminate the diphasie artifact belonging to the spike. 
Leading close to the killed end causes it to disappear; but it is only moved 
forward under the crest; the recording of the end of the wave is improved 
at the expense of some antecedent portion of the wave where the distortion 
is less apparent. Similarly it is impossible to eliminate the artifact belong- 
ing to the after-potential.!| The amount and duration of the after-potential 


1 This subject will be taken up again in a special section of the paper where Woron- 


zow’s admirable analysis of the so-called positive after-potential will be reviewed 
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is increased in injured nerve; therefore after a time the after-potential 
under the live lead is over-balanced by the after-potential at the dead-live 
junction, and the spot crosses the zero line. We find in confirmation of 
Amberson and Downing that there is regularly a swing in the positive diree- 
tion before the resting potentials are restored; and this is still present 
when the active lead is close to the killed end, though it is then decreased 
in magnitude, doubtless due to the greater and longer lasting after-poten- 
tial at the live lead which is less easily counterbalanced. In this sense 
Hering’s contention that the size of the positive after-potential is an index 
to the condition of the nerve is correct. 

The practical aspect of the situation just described is that it is impossible 
to know how much after-potential exists at the active lead at the time 
that the deflection passes through zero. The measurements of the after- 
potentials which we report are made at the point at which the projections 
of the X axes, as recorded before the deflection starts, intersect the poten- 
tial curves. They thus represent the minimal durations of the after- 
potentials; but it will be seen later that in many cases the point selected 
must be a fairly reliable index as it checks the curve of thresholds of 
response, which is not dependent on the condition at two parts of the nerve. 

The whole procedure involved in getting the relation of the spike to the 
after-potential may be illustrated by a description of a single experiment 
which is typical of a series. In this group of observations the attempt was 
made to obtain an approximately correct picture of the transition from the 
spike to the after-potential by killing the nerve as close to the active lead as 
was possible without reducing the magnitude of the response. In the 
experiment under consideration the spike height was first measured when 
the killed end was at a distance from the active lead. The nerve was then 
killed closer and closer to the lead while watching at each step the size 
of response. At the point chosen the remaining interpolar length of live 
nerve was so short that it was thought inadvisable to continue; neverthe- 
less a trace of the diphasie artifact was still present, as can be seen by the 
fact that in figure 2, 2, the angle between the spike and the after-potential is 
too acute. A more drastic treatment of the other nerve of the pair from 
the same frog resulted in complete elimination of the artifact, but the crest 
height was decreased. 

Silver—silver-chloride electrodes were used for both stimulation and 
leads, after it had been demonstrated that they introduced no error due 
to polarization. Their adequacy was shown by the fact that the form of 


the after-potential was the same when calomel half-cells were used as leads, 


and by the fact that, when a constant potential corresponding in size to 
that of a nerve, but of much longer duration, was applied to the input at 
four-panel amplification, in such a way that the silver electrodes, with an 
intervening stretch of narcotized nerve as a polarizable resistance, were 
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part of the circuit, the potential was returned in the 

rectangular form. As the axon action potential form was desired the 

lating electrodes were placed close to the leads; in this case 8 mm. inter- 
vened between the cathode and the distal side of the proximal lead. The 
usual method of obtaining the axon action potential is to lead from the 
stimulating cathode; but this difficult technique, which necessitates the 
use of root preparations, may be avoided and a good approximation still 
be obtained if the green frog sciatic be used and a small distance of conduc- 
tion permitted. If the stimulus be near the threshold the fibers responding 
are so homogeneous in character that there is no measurable temporal 
dispersion, and the axon action potential duration is correctly recorded, 
If, as in this experiment, the stimulus be sufficient to excite approximately 
the whole @ group, the maximal increase caleulated from histological data 
would be 0.1¢, after 8 mm. of conduction. This error is not serious, how- 
ever, when the values are used only for comparison with those of the after- 
potential; and the prolongation of the after-potential itself is insignificant 
(a 0.lo addition to values of 20c and upward). 

All the records in this research were made by single sweeps of the spot 
across the face of the tube. The spike potential was first recorded with 
three-panel amplification and with a shunt placed across the electrodes 
(fig. 2,7). From this tracing the height corresponding to the scale of the 
after-potential records could be calculated by making use of the resistance 
of the nerve, the magnitude of the shunt, and the calibrations of the ampli- 
fier for three and four panels (fig. 2, 5 and 6). The multiplier was 78.4. 
Then the after-potential was recorded at four-panel amplification, making 
use of various speeds so as to obtain optimal data on all its parts (two 
examples are given in tracings 2 and 3, fig. 2). From the whole series the 
graph was plotted. 

A final control was made to see if the stimulus artifact produced any dis- 
tortion of the after-potential. In the first place it can been seen that the 
artifact has nearly disappeared before the spike begins (tracing /) and that 
therefore distortion of the after-potential is improbable; but to eliminate 
all possibility of such an event the nerve was stimulated after narcosis with 


ether. This caused all of the action potential to disappear (fig. 2, 4), and 


left as the only visible disturbance in the line a gap at the time of the shock. 
It may be argued with some justice that the artifact in a nareotized nerve 
may be different from normal; but, since narcosis is believed to occur with 
a tightening of the membranes, the expectancy would be that the artifact 
would increase. In point of fact, observation of the process of narcosis 
of active nerves reveals that the after-potential decreases when the height 
of the spike falls and completely disappears when narcosis is complete. 
The after-potential therefore cannot be brought into relation with the excit- 
ing shock, and must be due to the fact that the nerve has been active 


‘ 


O 


15 20 265 IO GS 
Fig. 2 


Relation of spike to after-potential 
were obtained 


1. Form of spike potential 
0.5 mf., 6000°, X 108 
9 


Insets, records from which the data 


After-potential 


3 panel amplification, nerve shunted with 30,100°, 
Time marked in 0.5¢ invervals 
After-potential 


4 panel amplification, 100,000° 
3 410, 600°, 
4. 


Time in intervals 
time in 25¢ intervals 
Like 3 except that the nerve had been narcotized. The arrow shows position 
of shock. 
». Calibration at 3 panels, 400 volt anode-cathode P.D. on Braun tube. 
4 millivolts. 


6. Calibration at 4 panels 


Input, 
Input, 0.2 millivolts 


254 


2350 
/oo- | 
S 
= 


THE ENDING OF THE AXON ACTION POTENTIAL 


k’xcept where specifically indicated all the « xperiments were 
on the sciatic nerve of the green frog (R. pipiens). 

Resutts. The small size of the after-potential as compared with the 
crest height strikes one at once; in fact the dimensions of the whole process 
are such that graphie representation is diffeult, the two parts appearing 
as very narrow bands near the axes (fig. 2). When the after-potential is 
maximal, at 1.60, it is only one per cent of the crest height, and thereafter 
it falls off gradually, to cross the X axis finally at 330, at the point marked 
by an arrow. The negative potential is followed by a very small positive 
one which ends somewhat after 1000. This can be seen in figure 2. 3: but 


se) 
* 
Q 


O Sigmas/O 20 IO 40 


Fig. 3. After-potentials in moderately fresh nerves. Data from five different 


nerves 


better examples are to be found in later figures. Whether or not the after- 
potential in this nerve was increased by the proximity of the dead end to 
the lead cannot be stated; in any case an increase has not occurred to any 
marked degree, as the duration compared very well with those which hold 
for nerves which have been recently prepared and subjected to only a short 
period of experimentation. 

In all further work no attempt was made to avoid the diphasie artifact 
of the spike, and the lead was always made at a safe distance from the killed 
end. A cross-section of the magnitudes and durations of the after-poten- 
tial for moderately fresh nerves, as obtained in these experiments, may be 
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seen in the series of examples selected for figure 3. In four of the five cases 
the magnitude of the after-potentials cannot be measured in the period at 
the end of the spike on account of the diphasie artifact of the latter, which 
enters into the curve in the manner traced out in one of them. But the 
curves do show that at 4¢ the potential regularly has values of less than 2 
per cent of the maximum potential attained during activity, and that the 
base line is crossed between 20 and 40c. 

As fatigue is known to increase the duration of the after-potential, a 
number of nerves were observed in which the response to the first break 
shock was obtained. For this purpose the settings of the apparatus were 
made on one of a-pair of nerves, then the second nerve was mounted and 
the first response recorded. Following this the necessary data on the 


Crest height 


3 


O Sigmas 


Fig. 4. After-potentials in the first responses of isolated nerves. 


height of the spike were obtained, a procedure which is possible because the 
spike is relatively very much less susceptible to alteration by fatigue. 
The data obtained (fig. 4), which represent the closest approach to normal 
which can be attained in an isolated frog nerve, show that when the after- 
potential can first be measured, that is, after the diphasie artifact of the 
spike is over, it is less than one per cent of the crest height and lasts 20¢ 
and less. This duration rapidly increases on repeated stimulation and is 
also much longer in fresh nerves from poor animals. There is considerable 
variation from frog to frog, and when the after-potential is initially long 
it is also easily augmented by moderate activity during experimentation; 
thus the behavior of the after-potential is the most delicate index to the 
condition of the nerve. 

THE EFFECT OF TEMPERATURE. The season of the year is an important 
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factor determining the magnitude and duration of the after-potential 
laboratory temperature. We feel that Forbes and Thatcher were quite 
correct in attributing to seasonal variation the long potentials which they 
obtained; in fact, we observed that with the advent of cold weather the 
after-potentials were prolonged from the values we have cited to values of 
several hundred sigmas, although the frogs were selected from the same lot 
which had served for the earlier part of the series. The duration was much 
reduced if the experiment was performed at a temperature nearer to that 
of the aquarium; and if the winter frogs were kept for a week at laboratory 
temperatures the summer values were again restored. 

As is well known, the spike potential is prolonged by cold, but in contrast 
to this the above observations indicate that the after-potential may be 
shortened, This is an interesting relationship, and therefore experiments 
were instituted in order to examine it further. These experiments involved 
a number of variations of technique which need not be described here. 
Suffice it to say that when nerve potentials at two temperatures are com- 
pared it is necessary to bear in mind that there is a rise in resistance of the 
nerve itself as it cooled, amounting to about 2 per cent per degree centi- 
grade. This fact would cause no error in the recorded potential if the 
recording devices were strictly potentiometric, and there is no significant 
error when the nerve is connected directly to the amplifier input; but a 
very considerable error is involved if input shunts are employed, and the 
same is of course true for all galvanometer readings. The cold potentials 
are recorded at lower than their real values and must be corrected for the 
resistance change. 

In the illustrative case which is presented in figure 5, the procedure was 
as follows. The spike heights were such that on three-panel amplification 
without input-shunting the crests of the waves were visible on the screen 
of the tube. The heights were therefore measured and, when corrected 
according to the characteristic curve of the amplifier and Braun tube 
assembly, they had a value corresponding to the portion of the character- 
istic on which the after-potential was recorded. To get the spike form the 
input was shunted until the figure came well on the linear portion of the 
characteristic; then, in transcribing, all the ordinates were multiplied by 
a factor which would give the crest its real value. The after-potentials 
were recorded with three-panels unshunted so that their magnitude could 
be determined; and these records were checked against shunted four-panel 
records which gave more accurate readings of the form and duration. 

Because of the higher threshold of a cooled nerve to induction shocks, 
precautions are necessary to assure that the same number of fibers are 


stimulated at the two temperatures. Fortunately this factor is control- 
lable on account of the marked difference between the most irritable of the 
B fibers and the least irritable of the A fibers (Erlanger and Gasser, 1930). 
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Shocks just under the value adequate for B at the higher temperature are 
so supermaximal for A that there is no danger of any A fibers dropping 
out as the threshold rises. On the other hand this precaution, necessary 
to make the potential magnitudes comparable at two temperatures, has 
one disadvantage; it causes a greater difference between the recorded poten- 
tial form and the axon action potential form. As has been explained, the 
axon potential form in this series of experiments is obtained by using short 
distances of conduction and a homogeneous group of the most irritable 
fibers. When the whole A group is used, there is some separation of the 
y potentials and some prolongation of the wave at the base, the principal 
effect being to fill in the notch corresponding to the diphasie artifact of the 
faster A fibers. The same factor tends to produce a still greater prolonga- 


Fig. 5. Effect of temperature upon the after-potential. Abscissae, time in sigmas 
irdinates, height in millimeters. Jnsef. Dimensions of the spike as recorded after 


7 mm. of conduction. 


tion of the spike in cooled nerve because, even with the same temperature 
coefficient for all fibers, the absolute temporal dispersion is greater. As so 
often happens in nerve experimentation one has to seek a condition which 
is optimum in the most respects. 

A typical experiment is cited in connection with figure 5, in which the 
action potentials at two temperatures are plotted in superposition. The 
spike of the warm nerve is initially somewhat higher; but owing to the 
prolongation of the spike of the cold nerve the potential curve of the latter 
soon comes to lie above that of the former, and it maintains that relation- 
ship throughout the portion which is plotted in the inset. In the ensuing 
period, however, the curves again cross: and a normal potential is restored 
more rapidly in the cold nerve. There is considerable quantitative varia- 


tion from experiment to experiment, but all the observations are in accord 
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in showing that cold decreases the magnitude of the after-potent 
usually shortens it materially (see also figs. 7 and 14 

in connection with the prolongation of the spike, which has been « 
n these 


strated under more rigid conditions than those imposed | 
ments (Gasser, 1928), has a significance which must be considered in inter 


preting the nature of the potential occurring at the end of activity 
The positive artifact. The phase of positivity which sueceeds the neg 
after-potential is regularly much longer than the latter. Its duration 


moderately fresh nerve can be estimated by reference to the instances gi\ 
in figure 6. In the first case the positive phase lasts about 200c¢ 


200 negative one, and its value is 10 microvolts, or 0.14 per cent of th 


Fig. 6. The positive artifact 

1. Braun tube operated at 400 volts. 0.5 mf., 920,000", X 105 Time intervs 
marked in 0.1 second 

2. Braun tube operated at 300 volts. 920,000%, X 95. Time, 0.1 seeond 
height ; in the second case the positive phase lasts about 2600 after a nega- 
tivity of 300 and its value is 12 mierovolts, or 0.08 per cent of the crest 
height. (the spike in this record on the seale of the portion of the response 
recorded would be 3.7 meters high). The shortest positive phase which 
has been measured lasted 125 to 1500, and the longest were well beyond 
the durations which can be measured with our apparatus. In general, 
long positive phases were found to be associated with long negative ones. 

Garten observed that the positive after-potential disappears completely 
when the nerve is cooled down to 8 to 10°C.; and on repeating this experi- 
ment we find that the effect is indeed greatly decreased in magnitude, very 
much shortened, and may, depending upon the interpretation, disappear 
altogether. In no case, however, does the potential fail to swing to the 
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positive side. As the positive phase shortens the spike lengthens and thus 
the diphasic (spike) artifact (fig. 7, lower curve 2) becomes indistinguish- 
able from the positive after-potential. If the deflection be attributed 
entirely to the spike, as there is reason for doing, the positive after-poten- 
tial has entirely disappeared; but then so also has the negative. There is 
nothing about the positive phase to indicate it to be anything but an arti- 
fact; it is another of the unavoidable artificial by-products arising from the 
necessary double lead from a tissue. 

With regard to the older experiments, both Gotch and Cremer expressed 
the view that the positive after-potentials observed could be explained 


Fig. 7. Effect of temperature on the positive artifact. 

Upper record: 0.5 mf., 290,000®, X = 120. Time marked in 10 sigma intervals 
Print made through two records superimposed. 1, 23°C. 2, 10.5°. The positive 
potential has ended in the cold nerve at a time at which it has not yet reached its 
maximum in the warm one. 

Lower records made from another nerve. 0.5 mf., 920,000°, X = 107. Time 
marked in 100 sigma intervals. 1,20.5°. 2,11.5°. The record at the warmer tempera- 
ture was taken last. Before cooling, the positive swing was shorter than shown in 
the present record, but much longer than in the cold nerve 


by negativity at the distal lead; and recently Woronzow has made a clear 
analysis of the manner in which the transition from live to dead nerve 
brings about such a potential. He established two points; first, that the 
primary after-potential is negative: and second, that the positive after- 
potential is due to a temporary increase of the demarcation potential 
(“‘Verstiirkung des Querschnittes’”’). The latter fact he proved by pro- 
ducing mechanically a fresh section of the nerve in the course of a tetanus, 


a procedure which caused the demarcation potential to increase immedi- 
ately, and the positive swing at the end of stimulation to be very greatly 
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reduced. In order to bring these facts into line with our treatm 
diphasie artifact of the spike Woronzow’s explanation may be para 
as follows. When the activity at the dead-live junction causes a n 
which is greater than that at the intact side, a swing of the 
device in the positive direction occurs. This re lationship is broug! 
by the fact that the nerve at the junction is in a state resembling 
fatigued or injured nerve and would therefore have an after-nega 
outlasting the change at the intact side. It may be imitated in 


Fig. 8. The after-potential, as seen in a diphasie lead, when 
leads is differentially poisoned with veratrin; 0.5 mf., 400,000 
amplification. Time, 5Co intervals. Distance of conduction mm 
distance 12mm. Distal lead 10 mm. from end of nerve 
1. After applying veratrin to the distal lead only. One of a pair of nerves was 
used for this observation; the normal! record of the nerve very closely resembled 2 
2. Normal record corresponding to 3 (other nerve of pair 
3. After applying veratrin to the proximal lead only 


lead by poisoning the nerve under the distal lead only. Such an experi- 
ment was performed by Woronzow with cocaine, and we have performed a 
similar experiment with veratrin, an alkaloid shown originally by Garten 
and more recently by H. T. Graham to produce a great augmentation and 


prolongation of the after-negativity. As seen in figure 8, poisoning of the 


nerve at the proximal lead caused a marked after-potential in the negative 
direction, while the same condition produced at the distal lead caused the 
deflection to be in the positive direction. Where activity of a normal 
nerve is recorded monophasically the lead from the transition zone is less 
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effective than the one from the side of the nerve, therefore the positive 
swing is less than the negative phase which precedes it; and when a fresh 
section is made in the course of a tetanus, as in Woronzow’s experiment, the 
better connection between the inside and outside of the fibers not only 
increases the @cinareation potential, but also lessens the change at the 
junction due tc activity and therefore decreases the positive phase. 

The principa: support for the view that the positive potential is real is 
found in Garten’s experiments on the effect of temperature. Garten 
observed that the potential disappears when the live lead is cooled, but 
that it is unaffected when the cooling is localized at the dead end; and he 
therefore.concluded that the positive-phase is due to an actual positivity 
at the intact surface. These experiments have rightly been criticized 
by Woronzow on the ground that it is not the dead end which is in question 
but the transition zone; and Garten does not indicate that he has considered 
this distinction. While we have made some observations indicating that 
cooling the junction does decrease the positive phase, we have dealt mainly 
with diphasic leads in which the two electrodes would have the same value, 
and in which, therefore, the effect of cooling the nerve under the distal 
electrode would produce a more marked effect. In these experiments 
tubular silver electrodes coated with silver chloride were employed. The 
temperature of the nerve under the electrodes could be controlled by 
perfusing the electrodes themselves; and, to prevent the spreading of the 
temperature effect from one electrode to the other, water at room tempera- 
ture was perfused through one of the pair while cold water was perfused 
through the other. 

When the electrodes were isothermal, the usual diphasie spike was ob- 
tained followed by electrical neutrality, but when the nerve was cooled 
under one electrode the spike was followed by a potential-picture which 
ean best be understood by comparing it with a theoretical one. The nega- 
tive after-potential as modified by cold was seen in figures 5 and 7, and 
although variations occur, depending on the state of the nerve and the 
temperature, the relationship shown is typical. Accordingly, the theo- 
retical picture was constructed by drawing two monophasic endings in 
agreement with the types shown in the figures cited, but arbitrary in form. 
These endings, which are shown in figure 9A, were then combined in the 
manner in which they would enter into a diphasie wave. A study of the 
figure reveals the fact that, when the two parts are so combined, the 
dominant negative potential at the ending of the spike is the one belonging 
to the cooled phase; therefore, in the construction made for proximal cool- 
ing, the initial after-potential is in the direction of the first phase of the 


spike; but the longer lasting distal negativity soon is revealed as a deflec- 
tion in the opposite direction (9 B). On the other hand when the cooling 
is distal the second phase of the spike is directly continuous with its after- 
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potential and the potential picture is ended by the longer lasting nega 


at the proximal lead (9 ©). 
An actual experiment is also shown in figure 9. On proximal cooling 


the result was initially as predicted 1), but as cooling proceeded the ner 


Fig. 9. Differential cocling of nerve under diphasic leads, showing imitation of 
positive artifact; 4 panel amplification; ordinate, 1 mm fuv., 0.5 mf., 920,006 
xX 105. Time marked in 5Co intervals. Stimulus 9mm. from proximal lead, inter 
polar distance 12 mm., distal lead 15 mm. from end of nerve. Shocks maximal for 
the A group of fibers 

Photographs 1 and 2, two stages in the effect of cooling the nerve under the 
proximal lead; 3 and 4, cooling under the distal lead 

Diagram A. Typical ending of action potential waves as recorded monophasi- 
cally at two temperatures; 1, cold; 2, warm. B. Diphasie potential whieh would 
theoretically be produced when the second phase corresponds to the potential of the 
cold nerve. C. Ditto, when the first phase has the potential of the cold nerve 


at the cooled end became so depressed that the potential there was over- 
powered, with the result that the curve took on the appearance of a mono- 
phasie lead from the distal eleetrode (2). Similarly on distal cooling there 
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was at first some evidence of the distal after-potential (3), but later the 
picture was converted into one resembling that obtained from a normal 
monophasic lead (4). This experiment can have but one interpretation: 
the positive effect at the proximal lead is due to negativity at the distal,—it has 
the same duration as the negative after-potential reeorded monophasically 
from the same nerve at the warmer temperature. The positive after- 
potential in a monophasic lead follows the negative, and no counterpart 
for it is seen in intact nerve. 

Our experiments on differential cooling are directly opposed to those of 
Garten both as to findings and to conclusion. When Garten led diphasic- 


Fig. 10. After-potentials when all the fibers in a nerve are stimulated. Ordinate, 
1 mm fuv., 0.5 mf., 920,000°%, X 1607. Time marked in 100s intervals. Bullfrog 
seiatic; conduction distance 100 mm. 

Upper curve. Spikes, after-potentials and artifacts when all the fibers in the 
nerve are stimulated. B wave retouched 

Lower curve. Shows the positive artifact when the A and B fibers but not the ¢ 


fibers are stimulated. 


ally and recorded with a string galvanometer he found that at the cessation 
of a tetanus the after-swing was always in the direction of the phase corre- 
sponding to the cooled end, which fact he interpreted as showing that a 
real positive potential was revealed at the warm end of the nerve when its 
counterpart at the cooled end was depressed. To attempt to reconcile 
Garten’s experiments with our own is hazardous. If the condition follow- 
ing a tetanus resemble that following a twitch, and if the experiments be 
reconcilable at all, then it is necessary to assume that Garten’s after- 


potentials represent dominant negativity of an unexpected duration at the 
cooled end; and the only evidence for this is, that in his figure 18, plate XX, 
made when the cooling was at the proximal lead, the negative after-poten- 
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tial is followed by a positive If the condition be different, he is dealing 
with an event with which we have had no experience 

The same may be said about Verzir's experiments. Verzdr found under 
certain conditions that an extrapolar current, in a nerve polarized with a 
constant current, is increased in the period following a tetanus. This 
means an increase of the polarizability of the nerve and he holds it to be 


identical with the positive after-effect. As it only occurs after prolonged 


stimulation with strong shocks, the underlying phenomenon is something 
foreign to our experiments; and it is clear that further work is still necessary 
to bring out the interpretation which will clarify the whole situation. 

Amberson and Downing have described a second negative after-potential 
following the positive. We have repeatedly looked for this manifestation 
in fresh summer frogs in which the after-potentials are short; but under 
conditions which yield the axon action potential form we have never seen 
it. Ifthe positive after-potential is an artifact, as we believe, then a second 
negative after-potential becomes highly improbable; it can, however, be 
imitated if a sufficient distance between the stimulus and leads be allowed 
and if all the fibers in the nerve be stimulated. Then negative potentials 
of the late waves, B and C (Erlanger and Gasser, 1930), appear following 
the after-potentials of the A wave. In fact, a whole series of phases occurs 
belonging to the spikes, after-potentials and artifacts due to each of the three 
constituents (fig. 10). The B wave appears on the after-potential of A, 
and at its base can be seen a small negative wave due to its diphasiec arti- 
fact. Following the after-potentials of the first two components, the 
positive artifact occurs; then the C spike appears and the potential differ- 
ence is in the negative direction again. The diphasic artifacts of late 
waves are much greater than those of the A wave, and that of the C wave 
again causes a big swing in the positive direction. The magnitude of the 
latter may be estimated by comparing the positive potential with that 
remaining from the A and B waves as revealed in the record below it. 
Then, as the record ends, the potential is negative again due to the after- 
potential of the C fibers which is relatively large. In a lead from the same 
nerve at 4.8 cm. of conduction, the C after-potential appeared more defi- 
nitely marked. Theoretically there should also be a final positive artifact 
of the C wave, visible to instruments sufficiently sensitive and capable of 
following the potential for a sufficient period. 

RECOVERY FROM EXCITATION AND THE AFTER-POTENTIAL. The two 
events known to occur following the wave of activity are the refractory 
period and the supernormal phase. 

The refractory period will be considered first. The end of the absolutely 
refractory period was located by Adrian (1921) near the base of the spike, 
and this location has been confirmed on numerous occasions in this labora- 
tory under conditions which would permit the recording of the axon action 
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potential form, as opposed to the composite picture of activity in the nerve 
as a whole. The return of responsiveness, beginning as it does near the 
beginning of the after-potential, immediately suggests the necessity of 
comparing the relatively refractory phase with the latter. In mapping 
the relatively refractory period two features of recovery must be distin- 
guished: first, the threshold of response and, second, the magnitude of the 
response when stimulation occurs. The first is the feature usually meas- 
ured and it gives information as to the irritability of the most irritable fibers 
at various intervals after the start of activity. The second feature, the 
size of the response, provided the stimulus is maximal, is one which is 
recognized at times (Davis, 1926), but one which is generally not sharply 
differentiated from the first. Actually the curves obtained by the two 
methods are different. 

In our technique three procedures have been followed. In all of these 
the rotator, which synchronizes the stimulation and the deflection of the 
spot of the Braun tube along the abscissa, has been used to open in succes- 
sion two break keys in the primary circuits of two induction coils. Har- 
vard coils with their cores removed were employed; and, in order to pre- 
vent complication by any possible local effects, the nerve was stimulated 
at two points, the first stimulus being applied about 2 cm. from the lead, 
and the second stimulus at a distance of 7 or 8 mm., that is, at a great 
enough distance to avoid a serious shock artifact but close enough to 
permit the obtaining of the axon action potential form as explained in the 
introduction. The constant rate of the rotator made it possible to obtain 
the desired intervals of stimulation by adjustment of the carriers of the 
keys which operate on a rack and pinion. The rotation rate being once in 
four seconds, it was possible to select single pairs of stimuli for recording; 
therefore the nerve was not fatigued by continuous stimulation. The in- 
terval between the stimuli was measured on the Braun tube and a correc- 
tion made for the conduction time between the two pairs of electrodes. 
Usually it was sufficient simply to measure the time between the responses, 
a method which was possible because the proximity of the second stimulus 
to the lead would eliminate any serious error due to the slower conduction 
of the second response in all cases except where the responses were very 
close to the absolutely refractory phase. As the main interest lay in the 
ending rather than the beginning of the relatively refractory phase no 
attempt was made to obtain readings very close to the period of absolute 
refractoriness. The data were obtained by photographing with duplitized 
x-ray films single pairs of responses. 

The first procedure was to determine thresholds, the strength of the 
shock being measured by the resistance in the primary circuit. As de- 
scribed by Adrian and Lucas (1912), the threshold not only returns to 
normal but falls below normal: thus the end of the relatively refractory 
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phase is also the beginning of the supernormal phase. This point as well 
as the whole course of the supernormal phase may be determined by a 
much easier and quicker method, as follows. 

The second method was one in which the first shock was chosen so as to 
give an approximately maximal spike; the second shock was then made 
definitely weaker than the first. With this arrangement the second re- 
sponse was subnormal until all the fibers, normally stimulated by the second 
shock, were responding and were yielding a maximal potential. That 
point marked the end of the relatively refractory period. Then, because 
the first shock stimulated more fibers than the second and because the 
thresholds were subnormal in the supernormal phase, the second shock 
stimulated more than the normal number of fibers as soon as it was sepa- 
rated from the first shock by an interval longer than the relatively refrac- 
tory phase. The height of the second response was thereby made super- 
normal, and the whole coursé of the supernormal phase could be followed, 
since the greater the supernormality the larger the extra number of fibers 
stimulated and the higher the spike. In this way the duration of the 
supernormal phase is given exactly; the degree of supernormality is not 
revealed directly by the height of the spike, but the form of the curve 
obtained sufficiently resembles that obtained by the threshold method to 
justify the procedure. The data can be readily obtained by photographing 
in rapid succession the pairs of responses at different intervals; and, since 
the supernormal phase is very easily changed by fatigue, the method has 
the great technical advantage of involving a minimum of stimulation. A 
more rapid variation of this method is to plot on the screen of the Braun 
tube the heights of the second responses at the various intervals. 

Since in the second method all the a and most of the § fibers are in 
activity, the method can only be possible if the relatively refractory 
periods for the a and £ fibers are identical. It has been shown by Erlanger, 
Gasser and Bishop that the absolutely refractory periods are the same for 
a, 8, and y fibers, and this fact has been repeatedly confirmed in unpub- 
lished observations made under better experimental conditions than those 
holding for the data published. We have now shown that for at least the 
a and £@ fibers the relatively refractory periods are, within the limits of 
accuracy attempted, also the same. This was done by comparing the 
sciatic and skin nerves of the same bullfrog by the first method. Since 
the most irritable fibers of the skin nerve are 8 fibers, the latter can be 
directly compared with the most irritable of the a fibers in the sciatic. 
The result is shown in figure 11; the curves are alike, and such deviations 
as are present are not constant from nerve to nerve. A comparison of the 
supernormal phases in the two fibers is not practical on account of the 
great variation in this feature in one and the same nerve. 

The third procedure was designed to determine the return of the ability 
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to respond. Such a curve can be obtained if the two shocks are maximal 
at all times; but as the chief point of interest is the time at which the mag- 
nitude of the second response returns to normal, it is possible to avoid 
the strong shocks and still find this point if one merely make the second 
shock considerably stronger than the first. The fibers stimulated by the 
second shock and not by the first then contribute a constant height to all 
the spikes, and one measures on top of this height the magnitude of the 
responses in the fibers stimulated twice. The relatively refractory period 
ends when the second response reaches normal height. 

The curves of recovery as determined upon one nerve by the three 
methods can be seen in figure 12. First, the threshold shocks necessary 
for the second response were determined; then the heights of the second 
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Fig. 11. Irritability of nerve during the relatively refractory period, as measured 
by the primary current giving a threshold response. Ordinates, percentage of normal 
irritability. Abscissae, time in sigmas. 

0000 Skin nerve of the bullfrog (@ fibers). 

<< & & Sciatic nerve of the same frog (a fibers). 


response, as measured when the second of the two stimuli was considerably 
stronger than the first; and finally, the heights as measured when the first 
shock was the stronger. In the first instance the results are plotted as 
percentage irritability and in the last two the heights are plotted as per- 
centages of those evoked by the shocks used for the second stimulus when 
acting on the fully recovered nerves. It is seen that the three curves 
intersect at the ending of the relatively refractory period; therefore the 
latter can be determined by any one of the three methods. Several other 
points are also illustrated by this experiment. 1. The supernormal phase 
is purely a phenomenon of thresholds; the ability to respond, that is, the 
size of the axon action potential, reaches a maximum at the end of the 
relatively refractory phase. From then on the spikes attain a constant 
elevation above the resting potential, though they are cut off at the base 
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by the size of the after-potential at the moment, just as occurs in an exag- 
gerated form in Levin’s observations on nerves of the spider crab. 2. The 
relatively refractory phase must be the same in slower A fibers as in thres- 
hold fibers or the curves would not intersect. 3. The number of fibers 
stimulated by the second shock is very greatly increased when their irrit- 
ability is supernormal due to previous activity: a shock normally produc- 
ing a spike about half maximal in height then produces one twice as high 
and thus stimulates nearly all the a and £ fibers in the nerve. 
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Fig. 12. Recovery of nerve after excitation. Ordinates, per cent of normal 
XX X X Irritability determined by threshold of the second response. 
©0000 Height of second response when the first stimulus is stronger than the 


second. 
Height of second response when the first stimulus is weaker than 


the second. 


The relatively refractory periods which we have observed at room tem- 
perature (20°-24°C.) have fallen in the range from 3.5 to 8c, values always 
smaller than those determined for the end of the after-potential. The 
shortest after-potentials observed in green frog nerves were 14o¢ long and 
therefore considerably longer than the refractory phases. This diserep- 
ancy is sufficient to discredit any possible relationship, and if any doubt 
remain it is dispelled by the fact that, when the after-potential is greatly 
prolonged by fatigue, the two values become still more discordant, as the 
refractory-period values are changed relatively little. Thus while there 
is a visible potential throughout the refractory phase there are no events 
which mark either its beginning or its end. It will be seen later, however, 
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that in very cold nerve (nerves from summer frogs at 10°C.) the relatively 
refractory period is greatly prolonged and ends with the action potential. 

The duration of the relatively refractory period is here determined as 
the time at which the height of the spike of the axon action potential 
returns to normal. The values found are thus very different from those 
recently determined by Zotterman and by Amberson and Downing. The 
latter determined the separation of two shocks necessary to cause the 
Downing galvanometer to double its swing, that is, when working ballisti- 
cally, to record an area made up of two equal events. Zotterman found 
that intervals of 50¢ were necessary and Amberson and Downing extended 


Fig. 13. Showing the temporal correspondence between the after-potential and 
the supernormal phase in the same nerve under two conditions; 1, when fresh; 2, 
after a period of experimentation. 

20000 After-potentials. Supernormal phases. 


this value to 100c. These results, as the latter state, take into account 
the areas involved in the after-potential; ours do not. 

The supernormal phase. Adrian and Lucas (1912) showed that follow- 
ing the relatively refractory period a nerve may be stimulated by induction 
shocks too small to excite a resting nerve. This effect they proved to be 
caused by a change resulting from activity and not to arise from an altera- 
tion of the nerve by the stimulating shocks, nor to be due to a change in 
the nerve’s ohmic resistance. Adrian (1920) later mapped the curve 
characteristic of excitation during the supernormal phase and found that 
the increased irritability is expressed both by a fall of the rheobase and a 
shortening of chronaxie. 
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Just as frog nerves vary greatly as to the magnitude of their after- 
potentials, they also vary greatly in the degree to which they develop 
supernormal responsiveness. As the nerves are used routinely in the 
laboratory a supernormal phase is quite regularly demonstrable; but in 
very fresh nerves it may be absent or only present in the slower A fibers 
Ordinarily it increases in intensity, but occasionally a nerve is found which 
resists its development to an aston- 
ishing degree. The Ringer’s solution 
used was not buffered, but occasional 
tests shoveed it not to be acid. 

When the supernormal phase and 
the after-potential were compared 
they were found to be coexisting phe- 
nomena. When the after-potential 
was prolonged by fatigue or the ac- 
tion of drugs the supernormal phase 
was also prolonged. Usually at the 
same time the degree of supernormal- 
ity was greatly increased but this 
was not without exception. In old 
preparations, although the after- 
potentials were longer, the super- 
normality was at times found to be of 
low degree although the durations of 
the twocorresponded. sup- 
ernormality depends upon some other 
factor than the after-potential alone. 

Figure 13 shows the after-potentials 
and supernormal phases in a single 
nerve under two conditions: 1, when 
the nerve was fresh; 2, after it had of 
eubjected to considerable exper- the phase; 
imentation, but was still in excellent and 10° records. 0.5 mf.. 150,000. X 
condition as judged by the spike- 105 
potential. The supernormal phases 
were recorded by the second method using three-panel amplification. The 
increase in centimeters of the height of the second response, as affected 


by various intervals after the first response, is plotted just as it was meas- 
ured on the face of the tube; and with this is plotted, also in its actual 
dimensions, the after-potential as measured using four-panel amplification. 
Therefore only the shape of the curves and not their height is significant ; 
but this is sufficient to show that the two phenomena are very closely 


related. 
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The after-potential shortens as a nerve is cooled; and, such being the 
case, if the after-potential and supernormal phase be associated, the latter 
should also shorten on cooling. This turned out as predicted; and the 
results of such an experiment, made on a summer frog, are reproduced in 
figure 14. The after-potentials and supernormal phases were determined 
as described in the preceding paragraph. For the latter the same codérdi- 
nate system on the screen of the Braun tube was maintained as for the 
former, a procedure which permitted drawing the supernormal phases, as 
actually mapped on the screen, on the film-impression of the after-potential. 
Therefore again the form of the curves has significance but not their abso- 
lute height. The upper horizontal line is drawn at the height of the iso- 
lated spike produced by the shock used to elicit the second response, there- 
fore ordinates above this line mean supernormality. The upper record, 
taken from a nerve at 21.5°C., shows only the end of the supernormal 
phase, as the refractory period could not be determined accurately with so 
slow a spot. The parallelism between the supernormal phase and the 
after-potential is apparent. When the nerve was cooled to 13.5°C., both 
of these features shortened together, as a reference to the time intervals 
reveals. The former pair of curves has about two and one-half times the 
duration of the latter. Fatigue as a complicating factor was eliminated 
beeause the data at the higher temperature were obtained between two 
identical sets of observations made at the lower. When the nerve was 
cooled to 10° a most interesting development occurred. The spike which 
had been prolonged at 13.5° was still further prolonged. At the same time 
the supernormal phase disappeared altogether and the relatively refractory 
phase, now having a duration of 60 to 700 lasted as long as the action 
potential. 

After-potential and supernormal phase in relation to acidity. In view of 
Adrian’s (1920) careful experiments on the control of the supernormal 
phase through the hydrogen ion concentration of the solution in which the 
nerve is bathed, it was necessary to try out the effect of the latter upon 
the after-potential. As was to be expected the duration and intensity of 
the after-potential increased when the nerve was transferred to buffered 
Ringer’s solution on the acid side of neutrality, while the change was absent 
when the transfer was to an alkaline solution. Adrian found that, on the 
transfer of a nerve from pH 6 to pH 8.5, 10 to 15 minutes’ exposure was 
necessary before the supernormal phase disappeared, and he spoke of this 
tendency to retain the previous form of recovery curve as a sort of hystere- 


sis. In our experiments we found this persistence to be true to a much 
greater extent than is deseribed by Adrian (very probably because our 
nerves were at higher temperatures). Nerves developing a good super- 
normal phase in acid were found to retain it even when they had been at 
pH 8.5 for two and one-half hours. They also maintained a well developed 
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after-potential. As there can be no doubt that all parts of the nerve were 
in equilibrium with the alkaline bath, it is necessary to conclude that it is 
not the fact of acidity which is responsible for the supernormal phase, but 
a change in the nerve produced by acid, a change which can be produced 
by other means and which can exist in an alkaline nerve. 

Discussion. All the evidence at present available indicates that the 
total electrical change resulting from a single nerve response has two parts. 
Bishop expressed such a view and it was also clearly seen by Levin, who 
independently based his opinion on an analysis of Garten’s records and a 
survey of the literature, which brought to light the fact that the spike 
changes independently of the after-potential. The latter line of evidence 
has since been augmented by the work of Davis, Pascual and Rice on the 
effect of carbon dioxide on the action potential of mammalian nerve; and 
our own observations are in accord with the view. In addition to numer- 
ous observations on the lengthening of the after-potential under various 
conditions in which the spike is unaltered, we have noted that the tempera- 
ture coefficients of the two events are actually opposite in sign. 

The nerve during the after-potential behaves, as far as the investiga- 
tions have gone, as though it were cathodally polarized, or, in theoretical 
language, as though the plasma membrane were incompletely reformed. 
The threshold of excitation is lower, the spike height above the after- 
potential (but not above the resting potential) is decreased, and the perme- 
ability is less. The latter fact was demonstrated by Verzir (1924) in his 
experiments in which he showed that extra-polar polarization currents are 
decreased in the period immediately after a tetanus. 

Levin conceived the after-potential as being due to the effeet of catabo- 
lites. In the manner of the liquid chains of Beutner a static potential was 
supposed to occur until the nerve was restored, a notion which fitted very 
well with the fact that, as measured by Downing, Gerard and A. V. Hill, 
90 per cent of the heat production in nerve takes place during the recovery 
phase. Later the connection of the after-potential with oxidative recovery 
was established by Furusawa, who proved that the potential persists when 
the nerve is deprived of oxygen. 

Granted the necessity of oxidative recovery for the restoration of resting 
potential, there still remains a difficulty in the temperature coefficient. 
Cooling could produce a decrease of potential, and the probability of its 
doing so could be ascertained by studies instituted to find whether the 
temperature coefficient has the right magnitude; but the shortening of the 
after-potential could not be so explained. If the restoration of the poten- 
tial mean oxidative recovery, a chemical temperature-coefficient must 
enter into the calculation, and such a coefficient has the wrong sign. One 
is driven to make further assumptions. 

We can think of nerve activity as being composed of two types of proc- 
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cesses, one involving the breakdown and reconstitution of the plasma mem- 
brane, the other consisting of chemical reactions. There must be an inter- 
relation; but some degree of independent variation may be possible. When 
an electrical shock is applied to a nerve it is inevitable that ions should 
accumulate at barriers, as proposed in the theories of excitation. Now is 
the result of this accumulation first to cause a breakdown of the plasma 
membrane with a resultant chemical reaction, as is the common supposi- 
tion; or is the chemical reaction primary? We propose to argue in favor 
of the latter alternative. The heat experiments of Downing, Gerard and 
A. V. Hill afford strong evidence of an exothermic chemical reaction in 
the first phase of nerve activity; and the observation by Gildemeister and 
by Kato that subminimal stimuli lead to a loss of irritability indicates that 
a process of some sort takes place before the propagated disturbance is 
started. If the postulated chemical reaction be sufficiently great then the 
membrane breaks down, the spike potential is produced, and the nerve 
becomes completely refractory until the resting potential is nearly restored. 
Restoration of the surface film seems therefore to be a necessary condition 
for the return of irritability, but clearly it is not a sufficient one. During 
the period in which the ability to respond progressively increases and the 
threshold of response progressively decreases, there is relatively little 
further restoration; and there are no distinguishing events in the potential 
curve to mark the period. In fact, except in very cold nerve, the ability 
to respond becomes normal while there is very definitely a residual nega- 
tive potential. Another factor is necessary, and it can be provided by 
making a very simple assumption, namely, that in nerve activity some 
substance is broken down and then reformed from a precursor. On this 
basis the ability to respond would return to normal when the reformation 
is complete, and following this, if the membrane be not also restored, the 
threshold would be subnormal and the nerve would pass into its super- 
normal phase. 

The foregoing formulation leaves us with undisposed of products of 
chemical decomposition, the metabolites demanded in Levin’s theory. We 
have also the after-potential, the necessity of oxidation for its removal 
(Furusawa), and a duration of the after-potential which decreases on cool- 
ing. Several solutions of this problem suggest themselves. One possi- 
bility is that, although the potential-time area of the spike in cold nerve 
is larger, the energy cost may be less on account of the slower change. 
Then if the membrane closes when the reaction products are reduced 
below an assigned value the closure might occur earlier in spite of the slower 
reaction velocity. This possibility cannot be pursued further because the 
energy cost of a single response at two temperatures does not seem to have 
been investigated. It seems improbable. Another possibility is that the 
surface film itself is stabilized by cold so that the full potential redevelops 
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in the presence of a greater concentration of reaction products. ‘This view 
is compatible with the higher thresholds of excitation of cooled nerve 
Finally it may be possible that, although oxidation is necessary for restora- 
tion of a very fatigued nerve, restoration to the previous resting condition 
as it occurs in a single process, may be taken care of by diffusion. The 
temperature coefficient would then theoretically be smaller, making it mor 
easily possible for the membrane to be reconstituted in cold nerve 

Another question which demands treatment is how far the course of thy 
spike potential is influenced by a chemical reaction and by a chemical 
reaction which is at the same time an underlying cause of the refractory 
state. Although this question can only be handled in a fragmentary way 
at the present time, the temperature experiments which have been described 
are highly suggestive. In very cold nerve the restoration of normal poten- 
tial and the end of the relatively refractory period occur together. May 
this not mean that there is after all a relation between the spike potential 
and refractoriness? This question raises another. Where is the transition 
from spike to after-potential? Although the degree of parallelism has 
not been determined by simultaneous experiments on single nerves we do 
know that as the nerve cools the spike prolongs and with it the refractory 
period, while the after-potential shortens. The supernormal phase also 
shortens and it finally disappears altogether (fig. 14), which may mean 
that the after-potential also disappears, and that whatever potential is 
left all belongs to the spike. In warm nerve then the ending of the spike, 
as associated with the refractory period, would be obscured by an altera- 
tion of the membrane from another cause. 


SUMMARY 


The development of the knowledge of the electrical response of nerve in 
the hands of various observers demands that the action potential be con- 
sidered as composed of two parts. For reasons stated in the text we have 
called these parts the “‘spike’”’ and the ‘“after-potential.’’ The present 
research deals with their relative magnitudes and their relation to other 
events attending the nerve impulse. 

The potentials have been measured with the aid of the Braun tube oscillo- 
graph and amplification giving a sensitivity of 1 mv. = 26 em. 

As previously described, the fast part of the spike of the axon action 
potential of frog’s nerve ends at about lo (20°-24°C.). In the immediately 


succeeding period, the ordinary “monophasic” lead does not accurately 
reveal the true potential on account of the diphasic artifact of the spike; 
but within 1.6 to 4c the potential is found to have fallen to between one 
and two per cent of the maximum. It then declines along a decremental 
curve and becomes zero at 30 to 50c, provided the nerve has been subjected 
to only a moderate amount of experimentation. 
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When the first response after mounting is measured, the after-potentials 
end at 14 to 20c (summer frogs at 20°-24°C.) ; therefore, in nerves of living 
frogs they would probably be still shorter. On the other hand, in confirma- 
tion of other investigators, we have found that the after-potential is greatly 
prolonged by fatigue. 

Nerves from winter frogs as observed at room temperature have long 
after-potentials. 

Cooling a nerve causes a decrease in magnitude and a shortening of the 
after-potential. The latter fact is in contrast with the lengthening of the 
spike which occurs under the same condition. 

The after-potential is followed by a positive deflection which is explained 
as an artifact analogous to the diphasic artifact of the spike, that is, as a 
lead from the dead-live junction through the distal electrode. The experi- 
mental basis for this opinion is as follows: 

a. Cooling shortens the positive deflection and the after-potential until 
the former fuses with the diphasic artifact of the spike. 

b. The deflection may be imitated in a diphasic lead by increasing the 
after-potential at the distal lead with veratrin, or by decreasing it at the 
proximal lead by cooling. 

In order to measure the recovery of nerve for comparison with the after- 
potential, two rapid methods were devised so that the after-potential 
would not be seriously altered during the measurements. One method 
reveals the nerve’s irritability, the other its ability to respond. The spike 
height (ability to respond) and the irritability return to normal together 
at the end of the relatively refractory phase; then the irritability rises 
above normal, while the spike height (above the resting potential) remains 
constant. There is thus no supernormal response in the supernormal 
phase ; the thresholds are lower but the spikes are alike except for the small 
amount of after-potential from the first response which cuts them off at 
the base. 

The relatively refractory periods of the a and 8 waves are alike. 

At room temperature neither the beginning nor ending of the refractory 
period coincides with any definite event in the potential wave; but in very 
cold nerve the relatively refractory period is greatly prolonged and ends 
with the negative potential. 

The supernormal phase starts at the end of the relatively refractory 
period and extends throughout the period of the after-potential. The 
two phenomena vary in duration together. 

The after-potential is prolonged and augmented by acid, an observation 
which fits with Adrian’s observations on the supernormal phase. It is 
the after-potential, however, and not the acidity which is the necessary 
condition. When the after-potential persists after a long sojourn in an 
alkaline buffered Ringer’s solution, supernormality also persists. 
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The supernormal phase is shortened by cold in parallel with the shortening 


of the after-potential and in very cold nerve it disappears altogether. At 
this time the relatively refractory phase lasts until the end of the actioi 
potential, therefore it is reasonable to suppose that the after-potential 
has disappeared and that all the potential belongs to the greatly pro- 
longed spike. 

An attempt is made to harmonize the foregoing observations in a theo- 
retical discussion. It is assumed that while the spike and refractory period 
are controlled largely by a chemical reaction, the after-potential and super- 
normality are dependent on the state of the plasma membrane. ‘To explain 
the shortening of the after-potential by cooling a stabilization of the plasma 
membrane is proposed. 
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The action of saponin, sodium taurocholate and sodium oleate on mam- 
malian. red cells has been extensively studied. Aside from the resuits of 
the action of these simple hemolysins on chicken blood (1) there is no 
record of quantitative investigations on nuceated red cells. This paper is 
concerned with the hemolysis of erythrocytes from Amphibia. Three 
species of animals are used; Siren lacertina, Necturus maculosus and Rana 
catesbeiana. They represent the three most divergent forms available. 

Mertuops. The methods used in this work are practically identical 
with those already fully described in the literature by Ponder (2), Yeager 
(3), and Shattuck (4). The methods described by Shattuck have been 
used, for the most part, as a guide for the present investigation. The 
ordinary strength suspension, 2.5 per cent blood cells, was found inade- 
quate in this work as in that of Shattuck. A triple strength suspension, 
7.5 per cent blood cells, gives a more distinct end-point for the lysin saponin 
in the case of Necturus, for the sodium taurocholate and sodium oleate 
hemolysis of the cells from Rana catesbeiana and for all three lysins in the 
case of Siren lacertina. A double strength suspension, 5 per cent blood 
cells, gives a satisfactory end-point for the sodium taurocholate and sodium 
oleate hemolysis of the cells from Necturus and also for the hemolysis by 
saponin of the blood cells from Rana catesbeiana. 

The red cells of Rana catesbeiana are suspended in a 0.65 per cent sodium 
chloride solution and the cells of Siren lacertina in a 0.85 per cent saline 
solution; no hemolysis is observed in either of these suspensions. The 
erythrocytes from Necturus maculosus are suspended in a 0.2 per cent 
saline solution; after five or six hours a slight amount of hemolysis occurs 
in this suspension. In every case the suspensions are made from freshly 
drawn oxalated or citrated blood and used within an hour or two after 
preparation. All three lysins are tested upon separate portions of the 
same blood suspension. The frog and Siren blood are obtained from 
cardiac punctures while the blood of Necturus is drawn directly from the 
branchial circulation (4). 
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During hemolysis or cytolysis by all three lysins the end-point is difficult 
to determine because of the nuclei and ghosts which remain suspended it 
the system and prevent the suspension from giving the clear end-point 
that is obtained in the case of suspensions of non-nucleated red cells. A 
definite end-point can be determined with practice, however, and is easily 
checked by examining a portion of the suspension under the microscope 
Both saponin and sodium taurocholate cause hemolysis only, leaving ghosts 
and nuclei suspended in the system. Sodium oleate produces both eyto- 
lysis and karyolysis making it possible to obtain two end-points, the first 
for hemolysis and the second for karyolysis. In the ordinary concentrations 
of lysin used in this work the nucleus is not destroyed until hours after 
cytolysis. In order to get karyolysis within reasonable time limits it is 
necessary to use concentrations of lysin of such an order that cytolysis 
occurs almost instantaneously. It would be necessary to make two sepa- 
rate series of dilutions, therefore, in order to obtain both end-points. The 
present work concerns itself entirely with cytolysis. 

Resutts. In the tables which follow will be found representative 
curves. In every case the values for the standard (blood of man) have 
been included for the sake of completeness. The observed curves are 
fitted by means of the expression 

1 c 


{= log 
kc 


The values for k are given as such in the tables. The values for 2 are 
those given as('*. The asymptotes are given as dilution at infinity (6 


1. Hemolysis by saponin. A. Siren lacertina 


t-OBSERVED {t-CALCULATED 
SIREN 


Man 


10 ,000 6 50,000 50,000 
20,000 4 = 0.04 0.04 
30,000 k 0.3704 0.2273 
40 000 d : (See fig. II) 


B. Necturus maculosus 
t-OBSERVED t-CALCULATED 
NECTURUS 


Necturus Man Necturus Man 


10,000 1.25 0.4 6 0.65 5. = 51,000 41,000 
20 ,000 3.9 1.5 3.7 1.6 Co = 0.0392 0.049 
30,000 6.9 4.0 4.0 k = 0.1370 0.4239 
40 ,000 10.9 10.3 | 9.2 

50,000 26.5 28 (See fig. I) 


Siren Man Siren || 
MAN 
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C. Rana catesbeiana 


t-OBSERVED | t-CALCULATED 
Rana Man Rana | Man 

10,000 0.5 0.2 0.56 | 0.39 | 5. = 68,000 | 52,500 
20,000 1.3 0.75 1.65 | 0.85 | Co= 0.029 | 0.038 
30,000 2.6 1.2 2.79 | 16 | k = 0.2083 0.6250 
40 ,000 4.3 2.6 4.2% | 26 | 
50,000 6.7 6.0 6.37 | 60 | 
60,000 | 10.9 | 10.29 | | (See fig. III) 


The values of k, the velocity constant, for hemolysis by saponin of the 
blood of the different amphibia varies from 0.1370 to 0.3704 while the 
velocity constant for the standard (man) varies from 0.2273 to 0.625. It 
is also interesting to note that the time-dilution curves for siren and man 
(fig. 2) approach the same asymptote with different velocity constants 
while the curves for frog and man (fig. 3) as well as the curves for Necturus 
and man (fig. 1) approach different asymptotes with different velocity 
constants and cross en route. 


2. Hemolysis by sodium taurocholate. A. Siren lacertina - 
t-OBSERVED | t-CALCULATED | 
} Siren Man | Siren Man { 

1,000 | 1.3 10 | 1.4 | 0.83 b= = 6,200 | 5,000 
2,00 | 3.0 19 | 34 | 1.88 | Co = 0.323 0.4 
3,000 5.3 2.8 48 | 3.4 k = 0.125 | 0.2703 
4,000 | 8.6 70 | 83 | 5.95 | 


| (See fig. VI) 


B. Necturus maculosus 


| | | 
| 


| t-OBSERVED t-CALCULATED | } 
é | } NECTURUS | MAN 
Necturus | Man Necturus Man 
300 | 1.5 0.4 1.5 0.31 ba = 2,000 2,100 
600 | 3.2 | 1.0 3.2 0.61 | Co = 1.00 0.95 
900 §.5 1.6 5.4 1.2 | k =0.1111 0.4762 
1,200 | 8.3 2.0 8.0 1.7 
1,500 | 12.3 3.0 | a 2.8 
1,800 28.2 4.0 20.8 | 4.1 | 
C. Rana catesbeiana 
t-OBSERVED t-CALCULATED | | 
6 RANA MAN 
Rana | Man Rana | Man | 
| | = = 
1,000 0.85 | 0.93 1.9 | 0.94 | s2 = 4,200 | 5,000 
2,000 45 | 21 | Co=0.48 | 0.4 
3,000 | 8.7 3.2 8.7 | 38 | k = 0.1449 0.2381 
4,000 2.0 6.8 22.2 | 6.8 
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The tabulated results for the hemo!ysis by sodium taurocholate show 
that the values of k for the animals used vary from 0.1111 to 0.1449 while 


Na Oleate 


Na. Tavracho late 


~ 


4S 20 


Plate 1. Time-dilution curves of nucleated red cells of amphibia. Hemolysis 


Dilutions (6) for saponin in tens of thousands. 
Dilutions for sodium oleate and sodium taurocholate in thousands. 


the values of k for the standard vary from 0.2703 to 0.4762. The time- 
dilution curves for Necturus and man approach approximately the same 
asymptote with different velocity constants. The curves for frog and 


5 Necturvs= 
man 
4 man 
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Tan iren 
4 4 
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man approach different asymptotes with different values of k as do those 
for siren and man (fig. 6). In the latter ease crossing occurs. 


3. Hemolysis by sodium oleate. A. Siren lacertina 


t-OBSERVED t-CALCULATED 
SIREN 


Siren Man Siren 


5,300 
0.37 
0. 2000 


. Necturus maculosus 


t-OBSERVED t-CALCULATED 
NECTURUS 


Necturus Man | Necturus Man 


, 00 
26 
2703 


or 


1 
1 
2.5 
4.6 
7 
te) 


on 


1 


. Rana catesbeiana 


t-OBSERVED t-CALCULATED 
500 | 
1,000 6 a = 6,000 
2,000 2. K 2.8 | Co = 0.33 
3,000 9.2 o.§ 2. k = 0.1176 
4,000 8 | 
5,000 ’ 5. | (See fig. IV) 


The results of the hemolysis of amphibian blood by sodium oleate show 
the velocity constant to vary from 0.1176 to 0.2703 while the values of k 
for the standard vary from 0.16 to 0.2273. The time-dilution curves for 
siren and man (fig. 5) approach the same asymptote with the same velocity 
constant. The curves for Necturus and man and for frog and man (fig. 4) 
approach different asymptotes with different velocity constants. In the 
latter case crossing occurs. 

RESISTANCE OR R vatues. The resistance constants are obtained by 
the ratio C, being the asymptotic value for the animal while 
(*, is the asymptotic value for the standard. Since Ponder (5) has shown 


| 

| 

| 

| 

| 

_ MAN 
Man 

1,000 0.6 0.4 1.08 1.0 

2,000 1.9 2.35 25 da = 5,200 
f 3,000 4.1 4.0 4.27 4.0 Co = 0.38 

4,000 7.4 6.7 ee 6.7 k = 0.2000 

5,000 15.9 13.0 14.97 12.9 (See fig. V) 

| 

500 0.2 0 oe 6.100 
| 1,000 | 0.4 0.51 0.8 Co = i” 0.33 
2,000 1.1 1.1 1.8 k =0 0.2273 
3,000 1.5 1.9 2.9 

4,000 2.9 2.7 4.7 

5,000 3.9 3.9 Be 

6,000 5.4 | 5.9 20.7 

7,000 12.1 10.0 

MAN 

5, 200 
0.38 
0.166 
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that the R values are absolute values and are comparable, they afford 
means of directly comparing the resistance of the blood of different animal- 
The R values for the animals used in these experiments are tabulated below 


Saponin 
Sodium taurocholate 
Sodium oleate. . 


It should be noted that when the animals are placed in a descending 
series according to their R values for saponin hemolysis, they fall in an 
ascending phylogenetic order; Siren lacertina, Necturus maculosus, Rana 
catesbeiana. It would be interesting to determine the resistance values 
for saponin hemolysis of the blood of other species of amphibia to deter- 
mine whether they fall in order with reference to their phylogenetic position. 

Microscopic observations. The erythrocytes of all three forms of Am- 
phibia studied appear ellipsoidal in the saline suspensions used. The 
nucleus appears as a biconvex body in the center of the cell, sufficiently 
thicker than the cytoplasmic portion of the cell to cause a perceptible con 
vexity in the cell outline when the cell is viewed on edge. Upon addition of 
the lysin the cell tends to round up, to assume a spheroidal shape and to 
fade from view leaving the nucleus in the center of a spheroidal ghost-like 
cell. These observations, which are true for all three lysins, are similar to 
the observations of Shattuck on chicken blood and seem to indicate « 
similarity in the hemolysis of the nucleated red cell from Amphibia, the 
nucleated red cell of the chicken and the non-nucleated blood cells of the 
mammal. 

Discussion. Ina recent preliminary report on the use of equations to 
describe the action of simple hemolysins, Ponder and Yeager (6) have found 
that when time-dilution curves are extended over periods as long as three 
hundred (300) minutes the original expression, used to fit the short time 
curves, requires modification. 

The original expression 

dzx/dt = k (c—z) 


is modified to 


dx/dt = k (c-x)" 


and n is taken to equal 1/p. When nis taken to equal 1 the original and 
the modified forms are identical, and 


c 
{= 
k Cc 


NECTURUS SIRES 4 
0.80 1.00 0 76 
1.05 0.80 1.2 
0.78 1.03 0.87 
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may still be used to describe the action of the simple hemolysins over the 
relatively short periods of time. It would be interesting, however, to 
extend the observations on the blood of Amphibia over greater lengths of 
time and determine the amount of discrepancy, if any, between the appli- 
cation of the new and the old expression. 

Considering the fitting of the observed time-dilution curves by the ex- 
pression hitherto used, it is interesting to know that it is relatively easy 
to obtain good fits for curves on the blood from Amphibia, camels (7) 
and chicken. The erythrocytes of these three different bloods have a 
common factor in their elliptical shape. The red blood cells of the Am- 
phibia and chicken have an additional common factor in the presence of a 
nucleus in each form. The calculated curves on the red cells of the Amphibia 
and chicken seem to be closer fits than those on the camel cells. It ap- 
pears, therefore, that the contour and the morphological nature of the 
erythrocyte may be factors, as worthy of consideration as the nature of 
the cell membrane alone, in an explanation of the mechanism of hemolysis. 


CONCLUSIONS 


1. Time-dilution curves are given for the hemolytic action of saponin, 
sodium taurocholate and sodium oleate on the erythrocytes of three differ- 
ent species of Amphibia: Siren lacertina, Necturus maculosus and Rana 
catesbeiana. 

2. Resistance values for the red cells of each of the animals are given for 
the three lysins. 

3. All three lysins produce hemolysis in the case of each animal. Sodium 
oleate also causes karyolysis. 

4. Microscopic observation of the nucleated red cell in the presence of 
the lysins, for all three forms studied, show changes similar to those re- 
ported for the nucleated red cell of chicken blood and the non-nucleated 
red blood cell of mammals. 
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Ivy, Kloster, Lueth and Drewyer (1) found cholecystokinin to be present 
in the upper intestine of the hog, dog, sheep, and cattle. They also found 
that a small amount could occasionally be extracted from the pyloric 
mucosa of the stomach of the dog and hog. They were unable to obtain 
the active principle from extracts of the kidney, spleen and liver. 

In this paper we report the existence of cholecystokinin in the upper 
intestine of the human being and rabbit. 

MetuHops. Through the courtesy of Dr. J. P. Simonds of the Depart- 
ment of Pathology, we were able to obtain several human intestines from 
post mortems held within one or two hours after death. 

The human and rabbit intestines were treated by the method of Ivy, 
Kloster, Lueth and Drewyer (1) to yield an “A pH 1802 powder.” This 
product was assayed by the method of Ivy and Oldberg (2). 

Resutts. Human intestine. From the first two yards of the human 
intestine we obtained from 15 to 25 “dog’”’ doses of cholecystokinin which 
compares favorably to the yield of the hog intestine (fig. la). Two human 
intestines were extracted. 

Rabbit intestine. The entire small intestine of six rabbits was extracted. 
They yielded an average of nine “dog” doses of cholecystokinin and 
twenty-five doses of secretin (fig. 1b). 


CONCLUSION 


Cholecystokinin can be extracted from rabbit and human intesti- 
nal mucosa. 
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Fig. 1. Tracing ‘‘la’’ shows the response of the dog’s gall bladder to cholecysto- 
kinin, ‘‘A pH 1802’’, extracted from the human upper intestinal mucosa. 

Tracing ‘‘1 b’’ shows the response of the dog’s gall bladder to cholecystokinin and 
secretin extracted from the intestinal mucosa of the rabbit. 
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The réle of carbon dioxide in regulating the pulmonary ventilation has 
led investigators to seek a relationship, if any, between the carbon dioxide 
content of the inspired air and the circulatory system. A voluminous 
literature has accumulated dealing with this subject. Our knowledge con- 
cerning the action of carbon dioxide on the circulation of normal man, 
however, particularly on the cardiac output, is still incomplete. Previous 
investigators have failed to consider the duality of the factors which might 
affect the circulation as a result of an increased alveolar concentration of 
carbon dioxide. Besides the chemical action of carbon dioxide on the blood 
vessels, heart, or nervous system, one has to consider the incidental me- 
chanical effects of the increased respiratory activity which accompanies 
the inspiration of carbon dioxide. Indeed, as will be seen later, this 
mechanical action produces changes in the cardiac output as great as those 
which follow the inspiration of carbon dioxide. The nature of the effects 
of forced breathing on the cardiac output of man has not been adequately 
investigated, previous studies being usually limited to considerations of 
changes in the pulse rate and blood pressure. 

It was the purpose of the present investigation to study the effect of 
carbon dioxide on the cardiac output and to attempt to elucidate the mode 
of action of this gas on the circulation. For a better understanding of 
this effect it was necessary also to investigate the effect of voluntary forced 
respiration with and without change in the alveolar carbon dioxide tension 

Metuops. The experiments recorded in the present investigation were 
performed on young, normal individuals in the basal condition as defined 
in a previous paper (Grollman, 1929d). The cardiac outputs were deter- 
mined by the use of acetylene? (Grollman, 1929a), pulse rates by palpation 

‘A preliminary report of the results presented in this paper was given at the 
annual meeting of The American Physiological Society, Chicago, 1930. 

* Kroetz (Klin. Wochschr., 1930, ix, 966) has recently reported the results of his 
studies with acetylene (Grollman, 1929 a). He confirms the high degree of accuracy 
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for 15 or, where feasible, for 30 seconds, and blood pressures by the Tycos 
recording sphygmomanometer. 

The gas mixtures used were prepared by compressing carbon dioxide and 
air ina tank. The resulting mixtures were then led into a Douglas bag 
from which they were inspired. This method permits testing the effect of a 
given mixture for any length of time. There is a latent period for which 
any mixture must be breathed before the maximum respiratory response is 
elicited (Paget, 1924), and this latent period probably also precedes the 
development of the maximum cardiac output with any given mixture. It 
is for this reason that rebreathing experiments are less suitable for eliciting 
the true response of the heart to a given concentration of carbon dioxide. 

In the experiments on the effect of voluntary forced ventilation on the 
cardiac output, the subject attempted to maintain his respiratory ventila- 
tion at an increased, but uniform, rate and depth. In order to study the 
effect of the alveolar carbon dioxide on the cardiac output, voluntary forced 
breathing was also carried out by inspiring a mixture of air plus carbon 
dioxide. By proper adjustment of the composition of the inspired gas and 
of the rate and depth of ventilation, one could exert an increased respira- 
tory effort without affecting the carbon dioxide content of the arterial blood 
as determined by the composition of the alveolar air. In this way, the 
purely mechanical effect of forced breathing could be studied without the 
complication of chemical changes due to increase or diminution of carbon 
dioxide. 

Due to the stupefying effect which voluntary forced ventilation of air 
has on the organism, it was impossible to carry out such experiments for 


and reproducibility which are obtainable by the use of this gas, as demonstrated in 
the papers of this series (Grollman, 1928, 1929, 1930). Several statements in the 
paper of Kroetz, however, require comment. The long neck of the bag containing 
the experimental gas mixtures (as pictured in Figure 1 of Kroetz’s paper) is undesir- 
able due to the interference with mixing which this uncalled-for ‘‘dead space’’ intro- 
duces. The addition of oxygen to the experimental gas mixture (although suggested 
in the original paper presenting the use of acetylene) is usually unnecessary, as the 
oxygen content of the samples taken for analysis are such as to give tensions cor- 
responding to the flat portion of the oxygen-dissociation curve of blood. Kroetz 
states that the time necessary for doing an analysis of CO2, C.H2, O2 and N2 is 20 to 
22 minutes and that a complete determination requires 1} hours. I have found the 
gas analysis to require only about 10 minutes and thus 12 or more determinations 
of the cardiac output may be completed by a worker in a single day. Kroetz found 
the cardiac output to be about 20 per cent higher in the recumbent than in the sitting 
posture. Ina previous paper dealing with posture (Grollman, 1928), such differences 
were found to be due to errors in attaining perfect homogeneous mixture in the 
recumbent position. These results regarding the independence of the cardiac output 
to posture were obtained with nitrous oxide as the foreign gas, and have been recently 
confirmed by the author (Grollman, This Journal, 1930, xciii, 116) both by the acety- 
lene method and by the triple extrapolation method based on the Fick principle. 
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any great length of time. Extremely painful reactions such as occur after 
prolonged forced breathing were avoided. Nevertheless, it is quite possible 
that the disturbing dyspnea and feeling of suffocation which accompany 
the inspiration of high concentrations of carbon dioxide and the stupefying 
effect of forced breathing may have psychically produced part of the in- 
crease in the cardiac output which has been observed during the present 
work. The nature of such psychic effects on the cardiac output has been 
previously demonstrated (Grollman, 1929c). 

The oxygen consumption during the experimental periods was deter- 
mined in the usual manner by collection of the expired gas in a Douglas 
bag. Due to the small differences in composition of the inspired and ex- 
pired gas, and to the vitiating effect of any non-uniformity in breathing, 
the determination of the oxygen consumption was in many cases fraught 
with error. Consequently, in those experiments in which the breathing 
periods were continued for only a short time, the oxygen consumption was 
determined in a separate experiment. The result was then used in the 
subsequent determination of the arterio-venous oxygen difference to give 
the cardiac output. The oxygen consumptions during hyperventilation 
recorded in tables 1, 2, and 3 of this paper show an increase over the normal 
due, no doubt, to the extra muscular effort involved in the respiratory 
movements, as was also found by Bornstein and y. Gartzen (1905) and 
Reach and Réder (1909). 

Resutts. Four subjects were used in all of the experiments discussed 
in the present paper. Since the results on all subjects were in accord with 
the general conclusions deduced, only typical experiments are cited in 
tables 1, 2, and 3 which give the results of the present investigation. 

Effect of carbon dioxide on the circulation. In table 1 are given typical 
results obtained after breathing carbon dioride-air mixtures for varying 
periods of time. Columns 7 and 8 show the rise in pulse rate and blood 
pressure which are similar to those noted by previous workers (Schneider 
and Truesdell, 1922; Goldstein and Du Bois, 1927). As shown in the last 
column of table 1, the cardiac output is not affected by moderate concen- 
trations of carbon dioxide, despite the appreciable increase in the pulmo- 
nary ventilation (column 5) and the alveolar carbon dioxide tension (col- 
umn 3). At higher concentrations when the pulmonary ventilation is very 
greatly increased the cardiac output is also increased. The conclusion to 
be drawn from table 1 is that the inspiration of carbon dioxide is without 
effect on the circulatory rate of man until one reaches a concentration of over 
6 per cent in the inspired air. 

Lindhard (1915) in three experiments on one individual found no change 
in the cardiac output on breathing a 4 per cent carbon dioride-air mixture. 
Liljestrand (1919) gives results on 2 subjects, and concludes that any 
effect of carbon dioxide, if present, is small. Douglas and Haldane (1922) 
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TABLE 1 


The effect of the inspiration of carbon dioxide-air mixtures on the circulation 


TIME DUR- | 
CO: ALVEOLAR ARTERIO- 
EXPERI- | CONTENT CO: VENOUS 
MENT OF THE | CONTENT | was | MINUTE 
NUMBER | INSPIRED, OF THE | | VOLUME pirFER- | OUT? 
GA RY G | TINvED ENCE 


liters per 


| volumes | rolumes | er 
minutes liters 
minute 


per cent per cent minute minute 
4.59 8.6 240 59 100/67 
5.27 | é ; 10.1 245 | 102/69 


mm. Hg 


52 
52 


| 112/80 
| 126/— | 
118/84 


| 102/66 
110/75 | 50 
120/72 | 47 


| 98/63 | 50 
co 99 | 117/82| 43 
31.5 | 9 | 111/— 42 


found a 5 per cent carbon dioride-air mixture to have no effect on the one 
subject whom they studied. They explain their result by assuming that 
the increase in cardiac output which they expected was counterbalanced by 
the decrease occasioned by the higher oxygen tension of the arterial blood 
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| 55 (4.4 
1 
|. 
0.04 6.3 | 200 64 55 3.6 
» | 1.82 | 6.03 | 5 7.8 | 200 | 64 57 3.7 
7 1.82 | 20 7.8 | 200 | 65 54 3.7 
| 1.82 | 37 7.9 | 200 | 67 | 57 3.5 
| 0.04 | 4.96 | | 8.7 | 240 | 60 | 93/55/| 60 4.0 
3 8 5.51 | 11 | 13.4 | 245 | 60 | 64 3.8 
a 5.61 | 27 | 14.2 | 246 | 60 | | 60 4.1 
3 | 5.60 40 | 14.4 | 250 | 64 | 88/55| 65 3.8 
P 0.04 | | | g.9 | 250 | 74 | 101/67/| 60 4.1 
\| 5.938 15 | 24.0 | 268 | 80 | 122/78) 56 4.8 
| 
0.04 8.7 | 240 | 60 | 108/77; 55 | 4.4 
r 6.05 | 6.98 | 8 18.4 | 252 | 60 | 122/78| 55 4.6 
" 6.05 | | 3 18.8 | 252 | 60 | 119/82} 60 | 42 
| 0.04 15 | 8.6 | 240 | 60 | 112/85] 58 4.1 
6 0.04 | 4.59 8.5 | 268 | 59 | | 53 5.0 
. * \| 6.90 | 7.26 | 15 37.5 | 326 | 70 53 6.2 
0.04 | 8.5 | 240 | 63 60 | 4.0 
7.49 | 8.06 | 4 | 31.2 | 285 70 57. «5.0 
" || 7.49 | 8.04 | 15 | 33.2 | 285 78 53 5.4 
0.04 | | 10 240 | 70 57 4.2 
0.04 | 5.42 | | 6.0 | 242 | 66 4.0 
8 4| 7.61 | 8.28 10 | 41.0 | 266 | 99 5.3 
\| 7.61 | 8.35 | 25 | 41.0 | 266 | 99 | 5.7 
| 
{|} 0.04 | 5.42 4.0 
9 {| 9.25 | 9.37 | 3 | 5.6 
\| 9.25 | 9.40 | 5 5.7 
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which results from the increased respiration. This latter assumption con 
cerning the effect of slight changes in the oxygen content of the arterial! 
blood on the cardiac output is based on the experiments of Dautrebrand: 
and Haldane (1921) which, however, have not been substantiated by the 
author (Grollman, 1930). 

St. Janousek (1928) found that concentrations of carbon dioxide up to 
4 per cent decreased the cardiac output, as measured by the ethyl iodide 
method while higher concentrations raised it. Schneider and Truesdell 
(1922), using Henderson’s (1905) recoil-board method, could detect no 


rABLE 2 


The effect of voluntary forced respiration on the circulation 


TIME DURING 
EXPERI WHICH RESPIRATORY OXYGEN 
MENT BREATHING MINUTE CONSUMP 
NUMBER Was VOLUME TION 
CONTINUED 


ARTERIO- 
VENOUS 
OXYGEN 

DIFFERENCE 


cc. per 


minutes 
minule 


Control 240 105,68 
10 280 8: 100/72 
6 300 ( 8S 63 
1} 340 


Control S.: 240 113/68 
5 3! 290 123/68 
1} 240 

Control 200 90/58 
7 24.: 230 96/65 


Control : 260 100/65 
5 30. 300 113/62 
4 305 113/68 


Control 4 244 107/66 
3 ; 313 121/70 


change in the cardiac output even on inspiring high concentrations of 
carbon dioxide. The fundamental inadequacy of these methods renders 
invalid the conclusions of these authors. 

The effect of voluntary forced breathing and the consequent reduction in the 
carbon dioxide content of the arterial blood on the circulation. The increased 
sardiac outputs observed after inspiring relatively high concentrations of 
carbon dioxide might be due to a number of causes. Further experiments 
were, therefore, carried out to determine the extent to which the circula- 
tory changes were produced by the action of carbon dioxide and to what 


| 63 3.5 
60 47 
| 
70 4.9 
| 63 3.8 
2 58 5.0 
62 5 5 
59 3.4 
o 
54 4.3 
60 43 
4 65 46 
68 4.5 F 
\ 65 4 7 
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extent they resulted from the mechanical effects of the increased 
ventilation. 

In table 2 are given the results of a series of determinations in which the 
rate and depth of respiration of atmospheric air was voluntarily increased 
with a consequent reduction of the alveolar carbon dioxide tension. The 
results indicate that this procedure increases the pulse rate, increases the 


TABLE 3 
The effect of voluntary forced respiration of a carbon dioxide-air mixture, on the 
circulation 


|TIME DURING! | 
VEOL 
WHICH = co. | RESPIRA- ARTERIO- 
MENT | | | BLOOD VENOUS | CARDIAC 
numBer | BREATHING | oparron TION 2 | PRESSURE | OXYGEN | OUTPUT 
| | | VOLUME | | "FERENCE 
was | (pry cas) | VOLUME DIFFERENCE 


| 
CONTINUED | 


cc. per liters per 
liter minule 


cc. per 
|} minute 


4.59 8.4 244 | 107/66; 61 | 
4.35 42.6 | 309 | 118/— 70 | 
4.43 | 40.9 306 | 122/76 | 61 
4.45 | 46.5 317 116/73 | 61 
4.67 303 115/68 | 


minutes | percent liters | mm. Hg 
| 


© 
or 


236 108/70 | 
306 116/74 

286 112/72 | 
276 111/78 | 
234 | | 108/72 | 


Control 
10 
5 
4 
Control 


nwa cr 


'| Control | 9 108/70 | 
6 } 6% 315 117/— 
122/70 | 


5 
2.5 2.89 | 48. d 8 131/ 


Control | ; | 3 | 90/58 
1 6.22 | a4: | 91/60 | 


{| Control 8: 260 108/63 | 
{| 4 .64 335 121/82 


4.3 6.58 2. 325 123/80 | 


blood pressure (except in experiment 1 where a reduction occurs), and 
increases the cardiac output to a moderate degree. If one compares these 
results with those of table 1, one finds that they are strikingly similar, 
except, perhaps, for less uniformity in the results of table 2. This lack of 
uniformity with forced breathing is attributed to the inability to maintain a 
perfectly uniform rate of respiration by voluntary forced breathing as 
compared to the involuntary but uniform results which follow the inspira- 
tion of carbon dioxide-air mixtures. 


{| Control | 4.0 
i} 2.2 4.4 
5.0 
| 45 | 5.2 
| | | 4.4 
| } | | | 
| | 4.43 | | | 61 3.9 
| | 4.51 | | 67 4.6 
3 4 | 4.88 | 3 58 | 4.9 
|| 4.69 | 62 | 4.5 
| | 4.45 | | 59 3.9 
| | 
| | | | 
55 
65 | 4.8 
59 | 5.9 
\ 74 | 4.3 
| 
57 | 3.7 
} | | | 
60 | 43 
5 62 | 5.4 
59 |) «5.5 
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In so far as one is able to conclude from the results of table 2, the effect 
of forced ventilation with reduction of the carbon dioxide tension of the 
alveolar air on the cardiac output is about the same as the effect of the 
increased ventilation occurring with the inspiration of carbon dioxide- 
air mixtures. In the former experiments, however, as in the latter, one 
has to differentiate two factors—a chemical and a mechanical. The reduc- 
tion of the alveolar carbon dioxide tension might act as a chemical factor 
in altering the circulation while the increased respiratory effort might 
exert a mechanical effect. 

The effect of forced breathing without change in the alveolar carbon dioxide: 
on the circulation. In order to determine which of the above mentioned 
factors produces the circulatory changes recorded in tables 1 and 2, a 
third series of experiments was conducted in which a carbon dioxide-air 
mixture was voluntarily inspired at a rate which resulted in only moderate 
changes in the concentration of the alveolar air. ‘These results are recorded 
in table 3. It will be observed that the changes in pulse, blood pressure, 
and cardiac output are, in general, similar to those recorded in tables 1 
and 2. Since the only factor involved in the experiments of table 3 is the 
mechanical effect of the increased respiratory effort, it might be concluded 
that this factor is also predominant in producing the changes observed in 
tables 1 and 2. The chemical factor, whether produced either by an in- 
crease or by a reduction in the carbon dioxide of the alveolar air (and con- 
sequently of the arterial blood and of the tissues) would, in accord with 
this view, play little part in producing the observed changes in the circula- 
tion. It might, on the other hand, also be argued that it is only fortuitous 
that the observed changes, which are the summation of a number of fac- 
tors, should give approximately the same results (in tables 1, 2, and 3). 
The most pertinent fact in favor of the latter viewpoint is the difference 
in the effect of carbon dioxide and of forced ventilation of air on other 
factors of the circulation, such as on the blood pressure, peripheral circula- 
tion, etc. In so far as the present investigation is concerned, however, 
there is a remarkable similarity in the results of all the factors studied, 
independent of the carbon dioxide tension of the alveolar air. 

It will be noted that the arterio-venous oxygen differences during hyper- 
ventilation, as given in tables 1, 2, and 3, do not, in general, deviate far 
from the control values. The generally accepted notion at present is that 
the cardiac output is a-function of the metabolism, and increases during 
mild exercise with the oxygen consumption. The observed increases in 
cardiac output of tables 1, 2, and 3 would, in accordance with this view, be 
attributable to the increased muscular effort of hyperventilation. Pre- 
liminary experiments by the author have not, however, substantiated the 
commonly accepted view. The observed increases in cardiac output 
must be considered as a true increase in activity of the heart in re- 
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sponse to hyperventilation. From the point of view of the muscular 
exercise involved, the increase in oxygen consumption accompanying the 
increased respiratory movements should have resulted in an increase in 
the arterio-venous oxygen difference, without change in the cardiac output, 
as was observed in the case of postural changes (Grollman, 1928). 

Discussion. That the respiratory movements play an essential part 
in returning the venous blood to the right heart has been generally accepted 
since this conception was first advanced by Barry, (1825) and Poiseuille 
(1830). If one increases the intensity and frequency of these respiratory 
movements (without altering the carbon dioxide tension of the blood as in 
the experiments of table 3), one would expect at first the return of a volume 
of blood, much greater than that which occurs with normal respiration. 
If one accepts the view of an inadequately filled heart and of the regulation 
of the cardiac output by the venous return there should follow, as a result 
of increased respiratory efforts, an immediate increase in the cardiac out- 
put. This increase, however, is transient for the rapid depletion of the 
venous reservoir in the thorax and abdomen brings to an end the momen- 
tarily increased return of blood to the heart. In order to maintain a con- 
tinued increase in the cardiac output, the blood flow through the periphery 
would have to be correspondingly increased. This could occur either by 
vasodilatation, by increased arterial bood pressure, by diminished venous 
pressure, or by a combination of any of these factors. The transient nature 
of the great increase in cardiac output which occurs during the first few 
forced respirations explains the great increase in the blood flow through 
the lungs which has been described by Lindhard (1915). This great in- 
crease is not continued because of the depletion of the venous store and 
the failure of adjustments to occur in other parts of the circulatory system 
which would permit the continuance of this greatly augmented cardiac 
output. 

In the case of the increased respiratory effort accompanied by an increase 
in the carbon dioxide tension of the blood (as in table 1) or by a decrease 
(as in table 2), one must also consider the possible effect of these chemical 
changes on the vascular system. Stewart (1911) and Schneider (1930) 
have demonstrated a decrease in the blood flow through the arm during 
voluntary forced breathing, due presumably to peripheral vasoconstriction 
resulting from loss of carbon dioxide. Itami (1912), Fleisch (1918), Dale 
and Evans (1922), and Beckmann (1929) have described similar effects of 
carbon dioxide on the blood vessels. The results of the present investiga- 
tion would indicate that any change in the circulation due to vasomotor 
changes is small compared to the general increase due to the mechanical 
causes described above. Moreover, the observations cited are limited to 
the blood flow through skin, resting muscle, and bone, and show nothing 
regarding the flow through the brain and viscera whose condition will de- 
termine the total cardiac output which we are considering at present. 


CIRCULATORY EFFECTS OF (CQ. AND FORCED BREATHING IQ 5 

When the alveolar carbon dioxide tension is maintained constant, as 
in the experiments of table 3, vascular or cardiac effects due to chemical 
action would be unexpected. The increased cardiac outputs observed 
after some minutes of continued forced breathing would result from the 
combination of a continued increased pulse rate and arterial pressure (as 
observed in table 3) and the continued diminution in the venous pressure 
(Eyster, 1929). There is thus a sustained increase in the mechanical force 
which propels the blood through the capillaries and it is this sustained 
force to which we must attribute the increased cardiac outputs observed 
on forced ventilation with a constant carbon dioxide content of the alveolar 
air. This same force probably also produces the observed changes in the 
cardiac output when the carbon dioxide content of the arterial blood is not 
maintained constant. 

The fact that pulse rate changes occur on hyperventilation without 
change in the carbon dioxide content of the alveolar air (as shown in table 3) 
indicates the existence of factors, other than chemical changes in the blood, 
which can affect this function in normal man. This change in pulse rate 
is probably brought about as a reflex (similar to that described by Bain- 
bridge, 1915) initiated by the pressure changes, in the venae cavae and 
atria, occasioned by the mechanical action of the respiratory movements 
during hyperventilation. 

The effects of forced ventilation on the pulse and blood pressure of man 
have been recently discussed by Collier, Densham, and Wells (1927), Vin- 
cent and Thompson (1928), Raab (1929) and Schneider (1930). There is 
an extreme diversity in the results of these authors which may be due to 
several causes. Besides the possible unreliability of the experimental 
methods employed, one must consider the extreme variability in the res- 
piratory mechanism of different individuals. This is particularly true of 
voluntary forced breathing and has been considered by Lindhard (1915 
If one accepts the view, supported by the present work, of the predomi- 
nance of the mechanical factor in producing the circulatory changes 
accompanying hyperventilation, it is quite plausible to expect the wide 
variations in pulse rate and blood pressure changes which have been ob- 
served by different workers. 

The effect of carbon dioxide on the cardiac output has been studied for 
the most part in animals other than man. Marshall (1926) found that 
concentrations of carbon dioxide above about 5 per cent diminished the 
cardiac output of normal unanesthetized dogs while lower concentrations 
were without effect. The pulse rate, contrary to the result observed in 
man, decreased as was also noted by Itami (1912) and Eppinger, Papp, and 
Schwarz (1927) who worked with anesthetized dogs. The latter authors, 
however, both found marked increases in the cardiac output of their 
animals. Rim] (1929), likewise, found that carbon dioxide increased the 
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cardiac output of anesthetized rabbits. The opposite effect of carbon 
dioxide on the pulse rate of man and dog indicates a species difference in 
the reaction of this function. The differences observed by Marshall and 
by Itami, Eppinger, Papp, and Schwarz, and Riml may be explained as 
being due to the use of an anesthetic by the latter authors. The difference 
between the results on unanesthetized man and dog may readily be due to 
the difference in the mechanical effect which increased ventilation exerts 
on the circulatory system of the two animals. If the observed effects of 
carbon dioxide are not due to the chemical action of this gas but rather to 
the mechanical effect which the hyperventilation exerts on the circulatory 
system, one can readily understand why dog and man should react so 
differently. 

The same diversity in results as regards man and the lower animals is 
also encountered when one considers the previous studies of the effect of 
forced ventilation on the circulation. Thus Bainbridge (1920), in anes- 
thetized animals with the chest exposed, found that inhalation of carbon- 
dioxide-enriched air prevented the rise in pulse rate which accompanies the 
increased respiratory ventilation in such animals. The results of table 3, 
of this paper, obviously show a different reaction in normal man as regards 
this effect on the pulse rate. Since anesthesia may markedly alter the 
reaction of the circulatory system to conditions to which it is exposed. 
further discussion of the conclusions adduced by previous workers, who 
have limited their experiments to anesthetized animals, is unnecessary. 
The available experimental evidence indicates that the nervous system of 
anesthetized animals reacts to changes in carbon dioxide content and pH 
which are without effect in unanesthetized animals. 

In passing it may be noted that the results of the present investigation 
give no evidence for the theory of the hydrogen ion control of the circula- 
tion as advanced by Boothby (1915). Boothby’s (1912) conclusion that 
the absence of apnea after forced breathing is due to a compensating 
diminution of the circulation is also disproven by the present work. One 
of the subjects cited in tables 2 and 3 consistently failed to show an apnea 
after forced breathing, but the cardiac output was nevertheless found to 
be elevated. Moreover, unlike Boothby’s subject, the blood pressure of 
this subject consistently rose during violent respiration. 

The present work also shows that moderate hyperventilation does 
not cause the great circulatory failure demanded by Henderson’s (1910) 
theory on the acapnic origin of shock. The marked subjective symptoms 
observed on violent forced breathing are to be attributed to changes in the 
periphery (due to loss of carbon dioxide with a consequent shift in the acid- 
base equilibria) and not to a circulatory failure as has been maintained. 
It is quite possible, of course, that long continued hyperventilation (as in 
the experiments of Henderson and Haggard, 1918) with consequently 
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marked changes in the blood and tissues, might well cause a slowing of the 
circulation, but such profound changes are not encountered in the experi- 
ments usually carried out on man, nor probably even under abnormal 
conditions as in excessive pain. 

The results of the present study illustrate how easily one may be deluded 
in estimating the change in cardiac output from other circulatory changes. 
Indeed, there does not seem to be any close correlation between the cardiac 
output and any one single factor of the circulatory system and it is neces- 
sary to know many factors before one can visualize the complete changes 
which are occurring in the organism. Concerning the disproportionate 
and often contrary changes between the pulse rate and the cardiac output 
comment has already been made (Grollman, 1929e, 1930). 

The venous pressure cannot be taken as a criterion of the cardiac output. 
Thus, after the ingestion of food where marked increases in cardiac output 
occur (Grollman, 1929b), the venous pressure remains unchanged (Eyster, 
1929). This independence is easily understood when we consider the 
vasodilatation of the splanchnic areas which follow the ingestion of food. 
During hyperventilation Henderson, Prince, and Haggard (1918) obtained 
marked reductions (80 to 100 mm. of blood) of the venous pressure which 
were maintained for 2.5 to 6 minutes after cessation of the breathing. 
Kroetz (1922) by a more accurate method of measurement obtained a much 
smaller drop (7-25 mm.). Carbon dioxide, on the other hand, according 
to Schneider and Truesdell (1922), always causes a rise in the venous pres- 
sure. The cardiac output, however, as we have seen, increases in both of 
these cases. There is thus no generally applicable, simple relationship 
between venous pressure and cardiac output. 

As regards peripheral changes in the arm, Schneider and Truesdell (1922) 
observed a fall in the blood flow through the hand while breathing carbon 
dioxide. Stewart (1911) and Schneider (1930) observed a fall after forced 
ventilation of air. Such observations on the periphery tell us nothing of 
concomitant changes occurring in the visceral organs nor lead us to judge 
of the change occurring in the cardiac output. The product of pulse 
pressure and pulse rate which has also been used as a measure of cardiac 
output is valid only where no peripheral changes occur. 

The cardiac output is determined by a combination of a number of 
circulatory factors, viz.; pulse pressure, conditions of the peripheral vessels, 
venous pressure, etc.; and one cannot with certainty arrive at a conclusion 
concerning the cardiac output from changes in one or even several of these 
functions, as has been so often attempted in the past. 


SUMMARY 


Carbon dioxide did not affect the circulatory system of normal man until 
it reached a concentration of about 6 per cent in the inspired air. Higher 
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concentrations caused an increase in the pulse rate, blood pressure, and 
cardiac output. Forced voluntary ventilation of atmospheric air also 
caused a moderate increase in the circulatory rate. When carbon dioxide 
was added to the inspired air, to avoid any change in the alveolar tension 
of this gas, practically similar increases were observed. Since, in the last 
named experiments, only the mechanical effect of hyperventilation was 
present, the changes observed after natural breathing of carbon dioxide- 
air mixtures or during foreed respiration of air are also attributed to the 
mechanical aid which violent respiratory efforts exert on the circulation. 
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Though the probability of correlated changes in activity and acidity of 
the respiratory center under various conditions is supported by experi- 
meatal study it is in need of extended analysis. If acidity is the pre- 
dominant factor of control, more quantitative data on the acid-base equilib- 
rium of the body are needed. If impaired oxidations exert their main 
effects through changes in fixed and volatile acids, more exact information 
on the changing content of these acids correlated with changes in oxidations 
is desirable. On the other hand, if oxidations exert an additional control 


on respiration independent of acidity, it is essential to study the effects 
which changes in hydrogen ion concentration may exert on tissue oxida- 
tions. With such objectives in mind this series of experiments was per- 
formed.* 

ProcepureE. Tidal air, pulmonary ventilation, respiratory movements, 
carbon dioxide and oxygen content of expired air, total elimination of 


1 Preliminary report, THis JoURNAL, 1929, xc, 358. 

2 This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association. 

3 Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 

‘In an effort to picture the interaction of at least two factors in the control of 
respiration the possibility of oxidation-reduction phenomena and changes in acidity 
working hand in hand has been suggested. According to this suggestion not only may 
inpaired oxidations lead to increased acidity and increased acidity lead to impaired 
oxidations but both changes may lead to comparable end effects on function. This 
view is expressed in a very tentative form in an electrochemical hypothesis of control 
(Gesell, 1926). Since the administration of carbon dioxide as well as impairment of 
oxidations by hemorrhage, lowered alveolar oxygen and cyanide lead to an increase in 
reducing metabolites as demonstrated with the manganese dioxide electrode (Gesell 
and Hertzman, 1928a, b; Hertzman and Gesell, 1927) the net result of synchronous 
changes in acidity and in oxidation-reduction potentials deserves further considera- 
tion. This aspect of the subject, however, must await later analysis 
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carbon dioxide and total absorption of oxygen, expiratory quotient, lactic 
acid content of the blood, carbon dioxide capacity of the blood, hydrogen ion 
concentration of the blood, volume flow of blood, mean arterial blood pres- 


sure, oxidative energy, non-oxidative energy, the relation of shortage of oxy- 


gen consumption to accumulated lactic acid, the relation of excess oxygen 
consumption to the disappearance of lactic acid, the relation of total 
elimination of carbon dioxide to that required by oxidations, the relation 
of the lactic acid content of the body to the liberation and retention of 
carbon dioxide, the proportion of fixed acid combining with bicarbonate 
and the proportion reacting with other buffer systems were studied. 

The experiments were done on large heparinized dogs (about 25 kgm. 
body weight) anesthetised with morphine and urethane. Pneumothorax 
was established and constant artificial ventilation administered as described 
in earlier publications. With prolonged constant ventilation with any single 
gas, changes in composition of the expired air are roughly indicative of 
changes in the total amount of carbon dioxide expired and total amount of 
oxygen absorbed. Continuous records of expired oxygen and carbon 
dioxide, therefore, served as valuable guides to changes in gaseous me- 
tabolism during the course of the experiment. 

Changes in expired oxygen were recorded with the continuous com- 
bustion method previously described (Gesell and McGinty, 1926). Up- 
stroke indicates decreasing absorption of oxygen, when a uniform gaseous 
mixture is continuously administered. When a gaseous mixture low in 
oxygen is substituted for room air the downstroke is not indicative of in- 
creased absorption, but is due to the changes in the oxygen content of the 
air. On the other hand, when room air is readministered the comparative 
heights of the curves before and after administration of lowoxygen are again 
inversely related to the rate of oxygen consumption (see fig. 1). 

Changes in expired carbon dioxide were recorded with the katharometer. 
A earbon dioxide cell such as described by Rosencranz (1927) and manu- 
factured by Leeds and Northrup Company was employed as illustrated n 
figure 2. Two fine platinum wires connected in a Wheatstone bridge 
circuit are heated by current passing through the bridge. One of the 
platinum wires is sealed in a tube, A, containing dry air and the other is 
sealed in a tube, B, through which the carbon dioxide containing gas 
dffuses. Due to the low thermal conductivity of carbon dioxide and the 
relatively equal thermal conductivity of nitrogen and oxygen the electrical 
balance of the bridge is greatly disturbed by changes in the carbon dioxide 
content of the gas and is relatively little disturbed by changes in the propor- 
tion of oxygen and nitrogen. The change in resistance required to balance 
the bridge is thus a fairly accurate index to the change in carbon dioxide 
content. This changing resistance is mechanically registered on smoked 
paper by a vertically-writing point attached by thread and pulley toa spindle 
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on a Kohlrausch wire inserted in the bridge. Upstroke indicates increasing 
expired carbon dioxide. 

The general arrangement for supplying expired air to the carbon dioxide 
cell is shown in figure 2. An ordinary water aspirator, V, draws the sample 
from the tracheal cannula, J. The air passes up the drying column, A, 
which is filled below with calcium chloride for extraction of the bulk of the 
moisture and above with dehydrite for the extraction of the last traces of 
moisture. The connection with the drying column is made with a T 
tube, L, which serves as a trap for the condensed moisture. The air then 
passes through a set of fine copper coils mounted in a constant temperature 
box held at 35°C. for temperature adjustment. The air then passes through 
tube C of the carbon dioxide cell, also mounted in the constant temperature 
box, into the 20 liter bottle, O, and out through the aspirator. By virtue 
of the heating effects of the platinum wire mounted in tube B, gas circu- 


Fig. 1 


ates through B and D rising in B and falling in D. The rate of circulation 
n B and D, is, therefore, within certain limits independent of the rate of 
aspiration. The period of response to a change in carbon dioxide content 
of the expired air should, therefore, be constant provided the rate of as- 
piration is constant. To insure this uniform movement of gas throughout 
this series of experiments the aspirator wassupplied with water at a constant 


head of pressure by means of an automatically adjusted reservoir. The 20 


liter bottle was inserted in the air circuit as an air cushion to eliminate 
momentary changes in KE. M. F. due to sharp irregularities of the pump. 
This arrangement for following changes in expired carbon dioxide 
was used in all of the experiments where room air was continuously ad- 
ministered. When artificial gaseous mixtures are substituted for room air 
the method as described is no longer suited to our needs. For example, the 
administration of a gaseous mixture low in oxygen following on room air 


a’ 
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alters the proportion of oxygen to nitrogen sufficiently to mask the thermal! 
conductivity effects of carbon dioxide. In addition these artificial gaseous 
mixtures contain impurities not found in room air. To automatically 
correct for any differences in gaseous composition other than expired carbon 
dioxide a double carbon dioxide cell was substituted for the single cell. In 
this arrangement as shown in the left side of the constant temperature 
box, cell A’ is no longer sealed, but is put in shunt with the air current like 
cell B’, The expired air is drawn this time through tube C, then through 
eolumn H/ containing a mixture of ascarite and dehydrite. The ascarite 
absorbs the carbon dioxide and the dehydrite absorbs the moisture formed 


Fig. 2 


in the chemical reaction. The gas then passes through a second copper 
tube for temperature adjustment and then through F to tube A. The 
only difference between the gases surrounding wires A and B is the con- 
centration of carbon dioxide. However, on changing from gas 1 to gas 2 
wire B may be temporarily surrounded by gas 2 while wire A is still sur- 
rounded by gas 1. Consequently on changing from one gas to another 
there ig a temporary deflection lasting about 70 seconds which cannot be 
used as an index to carbon dioxide elimination. After gas 1 has been com- 
pletely displaced the disturbance in electrical balance is due to the differ- 
ence in the carbon dioxide content of the gases in tubes A’ and B’. The 
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record (fig. 2) shows an initial upward deflection on changing from room 
air to a low oxygen mixture and an initial downward swing on changing to 
room air again. 

While the continuous methods have not been refined for purposes of 
quantitative determination of gaseous exchange they have been invaluable 
in following the course of experiments. With their aid we were enabled to 
see changes in gaseous metabolism at the time of their occurrence and, 
thereby, direct the course of the experiment more effectively. The curves 
described by these methods have told us more accurately the duration of 
the changes in gaseous metabolism and have indicated the optimum 
moment for blood and gas sampling. Gas samples of expired air were 
thus taken at advantageous times with 50 cc. luer glass syringes from a gas 
reservoir of several hundred cubic centimeter capacity. Before reaching 
this reservoir the air passes down a rubber tube one meter long, through 
a rotating stopcock of the artificial respiration pump, then up another 
vertical tube 1 meter long. The capacity of the loop is approximately 
700 cc. The air is in motion one-half of the time as the lungs are collapsing 
and the rotating cock is open. To avoid effects of possible incomplete 
mixing of the expired air at the reservoir, the fifty cubic centimeter samples 
were drawn with a steady continuous pull over a uniform period of ten 
strokes of the pump. The samples were analyzed with a Haldane- 
Henderson analyzer. The percentage of expired carbon dioxide and ex- 
pired oxygen are entered on each graph (figs. 3, 4, 5,6, and 7). The upper 
number is expired carbon dioxide, second number expired oxygen and the 
third number the “expiratory quotient’’ and the lower number that of the 
gas sample. The location of the decimal point indicates the moment of 
sampling with reference to time which is registered in one and five minute 
intervals on the abscissas. Where the gas analyses could not be con- 
veniently placed at the proper point on the graph an arrow is inserted 
pointing to the time of sampling. Zero time indicates the beginning of 
observations. 

Oxygen consumption and carbon dioxide elimination in cubic centimeter 
(standard conditions) per kilogram of body weight per hour are computed 
for all points at which gas samples were taken. Oxygen consumed equals 
volume of oxygen inspired per minute minus volume of oxygen expired 
per minute. Oxygen consumed in cubic centimeter per minute per kilo- 
gram, therefore, equals per cent O: in inspired air times cubic centimeter 
of inspired air per minute minus per cent O, in expired air times cubic centi- 
meter of expired air per minute over the weight of the animal in kilogram. 
Similarly the carbon dioxide eliminated in cubic centimeter per kilogram 
minute equals per cent of CO, in expired air times cubic centimeter of 
expired air minus per cent of CO, in inspired air times cubic centimeter 
of inspired air over the weight of the animal in kilogram. The volume 
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of inspired air delivered to the animal was measured directly with a gas 
meter and converted to standard conditions. The volume of the expired 
air reduced to standard condition was then computed. 


per cent Nin expired air 


Vo expired = times Vo of inspired air. The 


per cent No» in inspired air 

rates of oxygen consumption and carbon dioxide elimination were plotted 
on the ordinates against time on the abscissas. The subtended area, 
therefore, gives the volume of gaseous exchange per period of time. The 
curves were more accurately shaped with the use of the original continuous 
records. One centimeter on the ordinates of the original graph before 
photographic reduction equals 20 ec. of gas per kilogram hour and on the 
abscissas 1 cm. equals 1 minute. One square centimeter therefore 
represents 20 cc. of gaseous exchange. 

Difficulty in identifying the curves at points of crossing is avoided by 
consulting the “expiratory quotients’ which tell the relative position of 
the two curves. For expiratory quotients below 1.00 the oxygen con- 
sumption curve is higher and for quotients above 1.00 the carbon dioxide 
elimination curve is higher. By continuing the preadministration gra- 
dient of oxygen consumption the underlying and overlying areas give an 
indication of the shortage of oxidations under normal and of the excess 
above normal for the corresponding period of time. The same information 
with respect to carbon dioxide elimination is obtained by extending the 
carbon dioxide elimination gradient. 

A 13 ec. blood sample, usually arterial, drawn by syringe from the 
manganese dioxide electrode vessel served for the determination of blood 
pH, blood earbon dioxide capacity and blood lactic acid. The time of 
sampling is not always clearly indicated in the graph but can be found 
with the use of the tables. After each sample an equal amount of saline 
solution was injected intravenously to maintain the circulation. On 
drawing the blood sample, 4 ce. were delivered into 500 ce. separatory 
funnels filled with alveolar air. This was used for carbon dioxide capacity 
determinations made with the Van Slyke method (Van Slyke and Neill, 
1924, and Harrington and Van Slyke, 1924). The next cubic centimeter 
of blood was delivered into 1 ee. blood sample tubes for pH determinations 


made with the capillary quinhydrone electrode according to the procedure 
described by one of us (Gesell, 1919). The remaining blood was used for 
lactic acid determinations by the Friedemann, Cotonio and Shaffer method 
(1927).5 


Blood lactic acid in milligram per 100 ec. of blood is plotted on the ordi- 


5 From two to three determinations of carbon dioxide capacity, three to six of 
hydrogen ion concentration and three to five of lactic acid content were made de- 
pending on how well the determinations checked. 
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nates against time on the abscissas. Blood carbon dioxide capacity is plot- 
ted in volumes per cent as an inverted curve to facilitate the comparison of 
carbon dioxide and lactic acid content of the blood. The scale of plotting 
is such that one volume per cent is equivalent to 4 mgm. of lactic acid— 
which represents the volumetric liberation of carbon dioxide when lactic 
acid reacts completely with sodium bicarbonate. Thus parallel curves 
indicate equivalent changes, but in opposite direction, of lactic acid and 
carbon dioxide content of the blood. The blood pH curve is also inverted. 

Since variations in oxidations lead to interrelated changes in the libera- 
tion and disappearance of lactic acid and liberation and retention of 
carbon .dioxide we have studied this relation in an approximate way with 
the use of the “expiratory quotient.” Maintaining a constant pulmonary 
ventilation, as in our earlier experiments on gaseous exchange, blowing off 
of carbon dioxide due to increased ventilation is avoided. The ratio of 
elimination of carbon dioxide to absorption of oxygen, therefore, becomes 
considerably more significant in the interpretation of gaseous metabolism 
and acid-base changes. It is assumed that, other things remaining con- 
stant, a liberation of carbon dioxide in the blood and tissues by an accu- 
mulation of lactic acid during a period of impaired oxidations would alone 
produce a disproportionate elimination of carbon dioxide and show itself 
in the expiratory quotient. Similarly if accumulated lactic acid dis- 
appears by non-oxidative as well as oxidative processes when oxidations 
return with readministration of room air the expiratiory quotient should 
‘indicate a retention of carbon dioxide. That such changes in the ex- 
piratory quotient occur with the lactic acid shift during cyanide poisoning 
and recovery has been demonstrated by McGinty and Gesell (1927). 
Changes in the expiratory quotient are, therefore, worthy of consideration 
in connection with the more complete picture of respiratory disturbances 
which we now present. 

The relation of carbon dioxide elimination to lactic acid metabolism is 
also followed in these experiments by comparing the carbon dioxide 
equivalent of changing lactic acid content of the body with the computed 
elimination of non-oxidative carbon dioxide. As an index to the total 
\lactic acid content of the body we have used the concentration of lactic 
acid in the blood assuming equal distribution between the tissues and the 
blood. This assumption may be somewhat incorrect, for the concen- 
tration of lactic acid is probably higher in the tissues than in the blood 
during conditions of equilibrium and during periods of rapid formation and 
possibly lower in the tissues than in the blood during periods of rapid dis- 
appearance, but it must serve temporarily as a means of approximation. 
On this basis the accumulation of lactic acid in milligram per kilogram of 
body tissue per hour is calculated for each period between blood samples. 
The equivalent amount of carbon dioxide liberated with complete reaction 
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with bicarbonate is computed and plotted in block form in cubic centimeter 
per kilogram hour as CO. of L.A. The areas above the base line indicate 
the theoretical maximum liberation of carbon dioxide from accumulated 
lactic acid and the areas below the base line the theoretical maximum 
retention of carbon dioxide, assuming complete non-oxidative removal of 
the lactate anion leaving sodium free to combine with carbon dioxide to 
form sodium bicarbonate. 

Assuming that carbon dioxide liberated by lactic acid is freely eliminated 
from the blood as it passes through the lungs these areas compared with 
corresponding areas of elimination of carbon dioxide of non-oxidative origin 
give a rough index of the effectiveness of lactic acid in combining with 
sodium bicarbonate and a somewhat clearer picture of the acid base 
equilibrium of the body. Non-oxidative carbon dioxide was computed by 
multiplying the oxygen consumption by the expiratory quotient under 
normal conditions and subtracting this amount from the total observed 
carbon dioxide elimination. This value is plotted as CO, (non-oxidative). 

Energy relations are also indicated in the tables and graph. Energy of 
oxidative origin is computed with the use of the curve of oxygen con- 
sumption, the expiratory quotient, and tables of equivalents of oxygen 
in calories. The results are presented in small calories per kilogram hour. 
Where the lactic acid content of the blood remains constant it is assumed 
that the oxidative energy represents the total energy available which is 
plotted as a solid black line. Where lactic acid is changing in amount the 
energy exchange associated with the lactic acid shift of anaerobic me- 
tabolism is taken into account in establishing the total energy curve. 
When lactic acid is increasing in amount the equivalent anaerobic energy 
is added to the oxidative energy. When lactic acid is disappearing the 
equivalent energy loss is subtracted from the oxidative energy. The 
energy change due to lactic acid shift is also plotted in block form for every 
period between blood samples. The square area above or below the base 
line respresents the energy equivalent. The areas above represent the 
energy derived from liberation of lactic acid and the areas below the 
energy lost by its disappearance, assuming that all of the lactic acid dis- 
appears by non-oxidative processes. The quantitative relation of shortage 
and excess of oxygen consumption to accumulation and disappearance of 
lactic acid is not clearly apparent from the graphs. This relation is com- 
puted and presented in the body of the paper. Here again an equal 
distribution of lactic acid in blood and tissues is assumed. 

Resutts. Before analyzing the effects of administration of gaseous 
mixtures low in oxygen, attention is called to the general deteriorating 
effects of heparin and artificial ventilation. This is seen in the progressive 
decrease in gaseous metabolism and mean blood pressure. If this de- 
terioration is extensive during the preliminary administration of room air 
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and of low oxygen and of readministration of room air it is essential to take 
this factor into account to get a clear picture of the reaction of the animal 
to the changed conditions. The degree of deterioration is indicated by the 
gradient of the curves of oxygen consumption and carbon dioxide elimina- 
tion. Thus by extending the initial gradient of the curves through the 
subsequent periods of administration of low oxygen and of room air a 
rough correction for this deterioration with respect to gaseous exchange may 
be made. The areas below and above these gradients represent the de- 
ficient and excess exchange respectively. In experiment 1 circulatoty and 
metabolic deterioration were relatively small and the correction obtained 
by extending the gradients is correspondingly small. In this experiment, 
as in many others, isotonic saline solution was injected to counteract 
progressive deterioration. The supporting effects of such injection are 
quite apparent in the graph. 

Experiment 1 begins with prolonged administration of room air which 
is followed by administration of a 9.19 per cent oxygen mixture in nitrogen 
lasting 15 minutes 32 seconds and a subsequent readministration of room 
air. During the initial administration of room air the rate of oxygen 
consumption and carbon dioxide elimination remained approximately 
constant. With lowered alveolar oxygen the absorption fell sharply from 
384 cc. per kgm. hour to 228 ce. This lowered rate then remained nearly 
constant up to the readministration of room air when the maximum rate 
of 452 cc. was quickly attained. The rate then fell off gradually and 
within sixteen minutes reached the preadministration level. The areas 
below and above the extended gradient show a shortage of oxygen ab- 
sorption during the administration of low oxygen and an excess absorption 
during the readministration of room air. The compensatory consumption 
falls considerably short of.the preceding deficiency. The effects of low- 
ered alveolar oxygen and readministration of room air on carbon dioxide 
elimination are decidedly different. While the elimination was diminished 
during lowered alveolar oxygen the reduction (from 284 to 275 cc. per kgm. 
hour) was very small as compared with the reduction of oxygen consump- 
tion and again though the elimination of carbon dioxide was increased 
on readministration of room air the increase was very small when com- 
pared with the associated increase in oxygen consumption. Correspond- 
ing to these alterations in gaseous exchange the expiratory quotient in- 
creased from 0.75 and 0.74 during the initial administration of room air 
to 1.20 and 1.19 during lowered alveolar oxygen. On readministration 
of room air it dropped suddenly to 0.65 and then slowly returned to pre- 
administration values. ‘These results are in accord with the results of 
Davis and Slater (1926, 1927, 1928) on aerobic and anaerobic metabolism 
of the cockroach and earthworm. 

Apparently some mechanism other than the direct formation of carbon 
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dioxide from oxidations was at work determining the amount of carbor 
dioxide eliminated through the lungs. Since pulmonary ventilation is 
eliminated the factors involved may be confined primarily to chemic 
changes in the body and to changes in volume flow of blood. Looking 
the blood for the appearance of lactic acid it will be seen that lactic 
increased from 27.6 mgm. per 100 ce. of blood to 45.4 mgm. during the 
period of impaired oxidations. The reduction in carbon dioxide capacity 
of the blood indicates that lactic acid was effective in displacing carbon 
dioxide. Compare the curves of blood carbon dioxide capacity and blood 


BLOOD 


43 452 
BLOOD LACTIC acid 


as 


0, CONSUMPTION 


Peopuction 


trtecy Cuanet A 


= 


OF LA 
CO, (NON OxIDAT IVE) 


Fig. 3. Experiment 1 


lactic acid. For further analysis of carbon dioxide elimination the earbon 
dioxide equivalent of lactic acid which has accumulated may be con- 
sulted as well. This is plotted in block form in cubie centimeter per kilo- 
gram hour. The curve shows changes in rate of accumulation or of dis- 
appearance of lactic acid more clearly than the blood lactic acid curve 
which is plotted in smaller scale. The elimination of non-oxidative carbon 
dioxide is plotted on the same base line. Ignoring the possibility that the 
rate of elimination of carbon dioxide already formed and stored in the body 
remains unaltered, a comparison of the areas confined between the base 
line and the curves of CO. of L.A. and CO, (non-oxidative) gives a rough 
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idea of the proportion of lactic acid combining with bicarbonate. This is 
expressed more accurately by the quotient of CO, (non-oxidative) over 
CO. of L.A. which will be referred to hereafter as the carbon dioxide 
index. The graph indicates a rapid accumulation of lactic acid associated 
with a rapid increase in elimination of non-oxidative carbon dioxide. For 
the period intervening between the administration of low oxygen and gas 


sample 3 the carbon dioxide index was 0.61 (table 6); for the period be- 
tween gas samples 3 and 4 it was 0.55; and for the period between gas sam- 
ple 4 and the readministration of room air it was 0.61. The average index 
for the entire period of low oxygen was 0.58. Between the readminis- 
tration of room air and gas sample 5 there was a retention of carbon 
dioxide amounting to 1.55 ec. per kgm. and a disappearance of lactic acid 
equivalent to 1.25 cc. The index of retention of carbon dioxide was 1.24. 
From gas sample 5 to 6 the index of retention has risen to 1.42. Between 
gas samples 6 and 7 the carbon dioxide index has a negative value of 
—0.12. Carbon dioxide is still being retained although the lactic acid 
content of the blood is increasing. From gas sample 7 to administration 
of saline solution there was an excess carbon dioxide eliminated again 
above that required by oxidations. Lactic acid simultaneously increased. 
The index, therefore, becomes positive again. From room air to injection 
of saline solution the index was —0.53. The figure which is more sig- 
nificant is the index covering the more inclusive period beginning with the 
administration of low oxygen and ending at the onset of saline injection. 
According to the index of this period 43 per cent of the lactic acid which 
accumulated combined with bicarbonate. 

Following next the changes in hydrogen ion concentration of the arterial 
blood it will be seen that the pH remained virtually constant during the 
initial administration of room air —7.42 and 7.43. On administration of 
9.19 per cent oxygen the pH increased to 7.47 and then swung slightly 
acid to 7.45. With readministration of room air there was a sharp increase 
in acidity to pH 7.36 which was then fairly well sustained until the injec- 
tion of saline solution. It is interesting to note that the arterial blood 
turned alkaline during the administration of 9.19 per cent oxygen mixture 
for blood lactic acid increased, blood carbon dioxide capacity diminished 
and the output of carbon dioxide and the percentage of expired carbon 
dioxide was very little diminished. The hemoglobin, however, was of 
course more reduced which would contribute an alkaline effect. On 
readministration of room air the acid change is more readily understood 
for all of the significant factors were working in the acid direction. 
Lactic acid continued to increase, blood carbon dioxide capacity continued 
to diminish, the carbon dioxide pressure of the blood was increased and 
the blood was more highly oxidized. 

At 58 minutes 53 seconds 500 cc. isotonic saline solution were injected. 
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The details of the effects of such injection will be taken up in another paper 
dealing with changes in blood volume. For present purposes only the 
general effects need be noted—the increase in oxygen consumption, in 
carbon dioxide elimination, expiratory quotient and carbon dioxide 
sapacity of the blood and a decrease in blood lactic acid and hydrogen ion 
concentration. 

At 78 minutes 38 seconds administration of 5.71 per cent oxygen was 
superimposed upon these new conditions and at 83 minutes 48 seconds 
room air was readministered. During lowered alveolar oxygen, oxygen 
absorption was enormously diminished—falling from 386.9 cc. per kgm. 
hour to 63.8 ec. This reduction was considerably greater than that during 
the administration of 9.19 per cent oxygen. On readministration of room 
air the oxygen absorption rose to a maximum of 449.1 cc. and gradually 
dropped to 353.3 cc. at 126 minutes 15 seconds. The absolute fall in carbon 
dioxide elimination was also considerably greater during lowered alveolar 
oxygen than in the preceding administration of 9.19 per cent oxygen yet in 
relation to the rate of oxygen absorption carbon dioxide elimination was 
enormously increased for the expiratory quotient rose from 0.82 to 4.01. 
With readministration of room air carbon dioxide elimination temporarily 
increased above normal as in the preceding curve but the expiratory 
quotient also fell to a subnormal level of 0.68. Though it rose again 
to 0.76 this is still 0.06 below the expiratory quotient just before the 
administration of 5.71 per cent oxygen. The results definitely indicate a 
retention of carbon dioxide similar to that which occurred on the previous 
readministration of room air. Looking again for the explanation of the 
changes in the expiratory quotient we find an exceedingly rapid accumula- 
tion of lactic acid in the blood during the period of anoxemia and a fairly 
rapid removal during the subsequent period of hyper-oxidations. As- 
suming a non-oxidative as well as oxidative removal of lactic acid the 
retention of carbon dioxide is explained. A comparison of the curve of 
non-oxidative carbon dioxide with the curve of oxygen consumption ex- 
plains graphically the accompanying changes in the expiratory quotient. 
The carbon dioxide index between the administration of 5.71 per cent oxygen 
and gas sample 11 was 0.24, between gas sample 11 and administration of 
room air 0.33 and for the total period between the administration of 5.71 
per cent oxygen and gas sample 14 it was 0.68. The parallel course of 
blood lactic acid and blood carbon dioxide capacity is quite striking. Again 
it is worthy of note that the blood turns alkaline during the administration 
of low oxygen (from pH 7.35 to 7.39) despite the accumulation of lactic 
acid and the disappearance of bicarbonate in the blood, to turn momen- 
tarily acid on readministration of room air. 

It seemed of interest to attempt an approximate determination of the 
energy balance of the body during impaired oxidations and later recovery. 
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Two kinds of energy are considered—the energy derived from oxidative 
processes or aerobic energy and the energy derived from non-oxidative 
processes or anaerobic energy. The oxidative energy is computed with 
the aid of the oxygen absorption curve, the expiratory quotient and a 
table of caloric equivalents (Lusk, 1923). As source of change in the non- 
oxidative energy we have considered only the lactic acid shift. The heat 
evolved by the conversion of glycogen into lactic acid plus the heat of 
dilution and neutralization of the acid which is formed is added to the 
oxidative energy. The absorption of energy on reconversion of lactic acid 
into glycogen is subtracted from the oxidative energy. Thus when glycogen 
gives rise to one gram of lactic acid 180 calories of heat are liberated. 
Adding to this the heat of dilution and neutralization of the acid the total 
dissipation of energy is equivalent to 304 calories (Meyerhof, 1925). This 
energy if available for the general use of the living cell is significant. To 
what extent either portion is available isin no way indicated by our 
results. We have, however, plotted two energy curves, the heavier in- 
cluding the complete anaerobic energy and the broken curve including the 
first portion only. 

On the whole the total energy dissipated during anoxemia was less than 
that dissipated by the animal during normal oxidations. The increase 
in anaerobic energy failed to keep pace with the diminution in aerobic 
energy. Obviously a large shortage of oxygen consumption and a small 
formation of lactic acid is accompanied by a relatively small dissipation of 
energy and a small shortage of cxygen consumption and a large formation 
of lactic acid is accompanied by a relatively large dissipation of energy. 
Thus by dividing the oxygen shortage in cubic millimeters during anoxemia 
by the amount of lactic acid in milligrams which accumulates a quotient is 
obtained indicating the general level of the total energy dissipation. By 
computing the ratio of the change in oxygen shortage to the change in 
lactic acid formation which is unaccompanied by a change in energy dis- 
sipation we get a significant figure for general purposes of comparison. 
This may be computed for any expiratory quotient. When the expiratory 
quotient is 0.80, which is approximately the average for our experiments on 
the dog, oxidations using one liter of oxygen provide 4,800 calories. Since 
the formation of one gram of lactic acid provides 180 or 304 calories de- 
pending on whether or not the heat of dilution and neutralization is in- 
cluded it will require the liberation of 26.1 or 16 grams of lactic acid 
respectively to provide the same energy. The oxygen-lactic acid index 
for complete restoration of energy lost from impaired oxidations would be 
roe’ or +¢%°. In the first instance the index is 37.5 and in the second 
63.4. Therefore, if the expiratory quotient is 0.80 and the oxygen-lactic 
acid index is less than 63.4 the curve of energy dissipation should rise, 
that is, the energy released by the formation of lactic acid is more than the 
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thermodynamic equivalent of the oxygen shortage. If the ratio is greater 
the curve should fall. Slight exceptions to this statement will be pointed 
out where they occur. They are due to our method of plotting—of ex- 
tending the curve beyond points of blood and gas sampling. This involves 
errors if the blood and gas samples are too widely separated. 

The relation of variations in oxidation to variations in the body content 
of lactic acid (as indicated by the blood) for the six experiments of this 
series are grouped in tables6 and 7. The oxygen shortage below the initial 
norma! level is indicated by the negative values in column 1 and the excess 
oxygen consumption above the initial level by the positive values. Column 
2 shows the corresponding changes in lactic acid. The ratio of oxygen 
shortage over lactic acid increase is tabulated in column 3 while the ratio 
of the oxygen excess to decrease in lactic acid is given in the fourth column. 
Not infrequently and for reasons that are not yet entirely clear, lactic acid 
may diminish in the blood though oxidations are below normal and also the 
reverse, lactic acid may increase in amount though oxidations are above 
the normal rate. The oxygen shortage or excess and the lactic acid 
decrease or increase under these conditions are included but without the 
corresponding ratios. 

In experiment 1 between the administration of 9.19 per cent oxygen and 
gas sample 3 the oxygen-lactic acid index was 222; between gas samples 
3 and 4 it was 208; between gas sample 4 and the administration of room 
air it was 238. The average figure for the entire period of anoxemia was 
217. Since the oxidation of one gram of lactic acid requires 740 ec. of 
oxygen, for every shortage of 740 ec. of oxygen there were formed 740 over 
217 or 3.45 grams of lactic acid. (This agrees with ratios established by 
Meyerhof and Hill for isolated muscle.) On readministration of room air 


there was excess oxygen consumption accompanied first by a moderate 


removal of lactic acid, between the administration of room air and gas 
sample 5. For this period the oxygen-lactic acid ratio was 366 indicating 
that for every 740 cc. excess of oxygen absorption 2.02 grams of lactic acid 
were removed, agreeing with a retention of carbon dioxide indicated by the 
lowering of the expiratory quotient. From gas sample 5 to gas sample 6 
the lactic acid disappeared at a very slow rate. The oxygen-lactic acid 
ratio was 602, which means a very small non-oxidative removal of lactic 
acid, a total removal 1.23 grams for every 740 cc. excess oxygen absorption. 
Of this 0.23 gram was removed by non-oxidative processes. This high 
oxygen-lactic acid ratio could be explained along at least four different 
lines—the lactic acid may leave the tissues very slowly during the rapid 
accumulation of lactic acid in the cells and, therefore, continue to leave the 
tissues even though it is disappearing within the tissues with later im- 
provement in oxidations; it may leave the blood slowly during the period 
of recovery when lactic acid is disappearing within the cells; there may be 
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a relatively larger carbohydrate metabolism; or it may mean that the 
mechanism for restoring lactic acid to its precursor state has been im- 
paired by the period of anoxemia. Clearly all four factors could be 
operating simultaneously. The oxygen-lactic acid index over the entire 
period between administration of low oxygen to intravenous injection of 
saline was 148 indicating that for the entire period for every shortage of 
740 cc. of oxygen absorption 5 grams of lactic acid were liberated. This 
means that the loss of oxidative energy was compensated to the extent of 
43 per cent by lactic acid formation. 

In the second administration of low oxygen (5.71 per cent) there was a 
very large shortage in oxygen consumption. This, however, was accom- 
panied by a large accumulation of lactic acid in the blood. The oxygen- 
lactic acid ratio from the second low oxygen administration to gas sample 
11 was 85 and from gas sample 11 to room air it was 127. For the total 
period of anoxemia the index was 100—that is, 7.4 grams of lactie acid were 
formed for every shortage of 740 ce. of oxygen. During the very first part 
of the period of recovery our methods indicate a removal of lactic acid. 
The later coefficients, however, are more accurate. Taking the oxygen 
consumption just prior to the second administration of low oxygen as the 
basis of comparison, the excess oxygen consumption between gas samples 
12 and 13 and 13 and 14 was relatively small and the removal of lactic 
acid relatively large. The oxygen lactic acid quotient of removal for 
these two periods was 120 and 135 respectively. For the more inclusive 
period from room air to gas sample 14 the index of removal was 55. The 
still more inclusive period from the second low oxygen administration to 
gas sample 14 during which there is a shortage of oxygen and an accumula- 
tion of lactic acid the lactic acid quotient of accumulation was 146. Again 
only 43 per cent of the energy lost from oxidations was supplied by lactic 
acid formation. The drop in the energy curve during anoxemia is thus 
explained. 

Experiment 2 shows the effects of two administrations of 9.77 per cent 
oxygen mixtures for 13 minutes 17 seconds and 11 minutes 42 seconds 
respectively. Between administrations there was an intervening period 
of 39 minutes 16 seconds with an injection of 850 cc. of saline solution at 
50 minutes 17 seconds. Preceding the first administration of low oxygen 
the rate of oxygen absorption and carbon dioxide elimination remained 
virtually constant at 298 cc. per kgm. hour. The expiratory quotients 
were 0.79 and 0.78. At 22 minutes 23 seconds the low oxygen mixture was 
administered. Oxygen absorption diminished and carbon dioxide elimina- 
tion increased with the resulting changes in expiratory quotient to 1.13, 
1.13, and 1.07 at gas samples 3, 4 and 5 respectively. Associated with the 
increase in the expiratory quotient there was an increase in blood lactic 
acid and earotid flow of blood. At 35 minutes 40 seconds room air was 


ALVEOLAR OXYGEN AND RESPIRATION 317 


readministered. Oxygen absorption increased and carbon dioxide elimina- 
tion decreased. Extension of the oxygen consumption curve shows excess 
of oxygen absorption above normal to be considerably less than the short- 
age of absorption during the anoxemia. During the total period of 
anoxemia and recovery there has, therefore, been a shortage of oxygen 
absorption. This is associated with a final accumulation of lactic acid. 
Extending the carbon dioxide elimination curve, it is clear that during the 
period of recovery the total elimination of carbon dioxide is slightly above 
normal. There has, therefore, been an excess elimination of carbon dioxide 
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during the combined periods. Nevertheless, the expiratory quotients for 
the period of recovery indicate a retention of carbon dioxide which agrees 
with the results of experiment one. Over the combined period of anoxemia 
and recovery there has been a total increase in lactic acid which led to 
liberation of free carbon dioxide bringing carbon dioxide elimination above 
the normal level and during recovery there apparently has been a non- 
oxidative removal of lactic acid which would permit an absolute reduction 
in carbon dioxide elimination even though oxidation simultaneously in- 
creased. The decreased volume flow of blood on readministration of room 
air would be another factor contributing towards retention of carbon 
dioxide. 
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At 50 minutes 17 seconds—850 ce. of saline were injected with a decided 
improvement in the mean blood pressure. The augmented volume flow of 
blood was accompanied by increased gaseous exchange. Carbon dioxide 
elimination increased out of proportion to the increase in oxygen absorp- 
tion and the expiratory quotient rose from 0.75 to 0.84 and 0.82 at gas 
samples 9 and 10. After a temporary rise in blood lactic acid a disap- 
pearance occurred. 

At 74 minutes 56 seconds—9.77 per cent oxygen was administered again. 
As judged by the curves of oxygen consumption and carbon dioxide 
elimination the effects were in general the same, yet there is a difference in 
the relatively small shortage of oxygen absorption during anoxemia and 
the greater excess absorption during recovery. It might be concluded 
that increased volume flow of blood from the previous injection of saline 
solution wards off the dangers of oxygen shortage and keeps the oxidative 
mechanism more intact through better supply of oxygen and better 
removal of metabolites thereby making compensatory recovery more 
perfect. This agrees with our earlier results on hemorrhage and shock 
(Gesell, 1919). 

On the whole this experiment showed a tendency towards parallelism 
of the curves of blood carbon dioxide capacity and blood lactic acid content. 
The pH changes of the blood were in general similar to those described in 
experiment 1—a decreased hydrogen ion concentration during anoxemia 
and a rise with a tendency towards recovery with each readministration of 
room air and with injection of saline solution. Comparing the initial 
and final hydrogen ion concentration of the blood, we find an increased 
acidity of 0.08 pH associated with an increase in blood lactic acid from 46 
to 51.9 mgm. and a decrease in carbon dioxide capacity from 47.72 cc. to 
40.83 ec. 

Barring one short period of increasing lactic acid occurring with the first 
readministration of room air, which may possibly be due to an error in 
analysis, there are three pairs of changes in lactic acid—an increase and 
decrease in lactic acid with each period of anoxemia and recovery and an 
increase and decrease with the injection of saline solution. These changes 
are plotted as in the first experiment as CO,.~ of lactic acid. The curve 
of non-oxidative carbon dioxide shows a large liberation in excess of that 
called for by oxidation during both periods of anoxemia. In the first 
period from the administration of low oxygen to gas sample 6 the carbon 
dioxide index was 0.60 and during the second period of anoxemia from the 
administration of low oxygen to readministration of room air the carbon 
dioxide index was 0.39. During the period of recovery between gas 
samples 6 and 8 carbon dioxide was retained. The ratio of carbon dioxide 
retained over the carbon dioxide equivalent of lactic acid decrease was 
0.18. 
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The relation between non-oxidative carbon dioxide and the carbon 
dioxide equivalent of lactic acid with increase and decrease in blood lactic 
acid produced by intravenous injection of saline solution was quite differ- 
ent. While the carbon dioxide equivalent of the increased lactic acid is 
large, the increase in non-oxidative carbon dioxide eliminated is small. 
For this period of increased blood lactic acid the carbon dioxide index was 
only 0.19. Such findings suggest that the preliminary increase in blood 
lactic acid following saline injection is not due to a new liberation of acid 
from the precursor but rather to a freer washing out of the tissues where the 
acid has already accumulated. If this is true it is of course apparent that 
many of our deductions based on lactic acid changes as computed by our 
method are affected by changes in volume flow of blood. The increased 
elimination of carbon dioxide with its consequent increase in the expiratory 
quotient may thus possibly be accounted for by a freer flow of blood 
through the lungs and tissues, improving the transport of carbon dioxide, 
for in all probability the total lactic acid content of the body is diminished 
by increased volume flow of blood. There is, however, one more com- 
plication. Although we have assumed that the true respiratory quotient 
remains constant throughout an experiment this is done only for purposes 
of analysis. (By true respiratory quotient is meant the metabolic respira- 
tory quotient and not the respiratory quotient as determined by the 
gaseous exchange at the lungs which is influenced by changes in pulmonary 
ventilation, volume flow of blood and changes in acid base equilibrium.) 
A change in the true respiratory quotient from intravenous injection must 
be considered as a possibility. It will be noted that during the period 
where lactic acid diminishes an excess of carbon dioxide above that called 
for by the initial expiratory quotient was still eliminated. Were it not for 
the freer elimination of carbon dioxide, which increased volume flow of 
blood effects, this might suggest an increased respiratory quotient. 

Inspection of the curves of energy exchange shows that the results are 
somewhat different from those of experiment 1. In experiment 1 the 
energy exchange, aerobic plus anaerobic (lactic acid shift) fell considerably 
below the normal basal level during the periods of anoxemia. However, 
in experiment 2 there was very little reduction in the total energy dissipated 
during the first period of anoxemia and during the second period the total 
energy dissipated was actually increased above the preceding basal period 
Since recovery was accompanied by excess energy dissipation, the total 
gross energy was greater than normal for both sets of observations. The 
relatively high dissipation of energy during anoxemia finds explanation in 
the relatively low oxygen lactic acid ratio and in the increased respiratory 
movements which call for greater oxidations. In the first administration 
of low oxygen where the energy exchange is the lower the ratio is 111. 
Where the energy exchange is higher the ratio is 64. The last administra- 
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tion more than the first indicates that the true basal energy expenditure 
(ignoring increased respiratory movements) may be increased by tem- 
porary anoxemia. Going next to the removal of lactic acid it will be seen 
that after the first period of anoxemia where the liberation of lactic acid 
per unit of oxygen shortage was least effective the non-oxidative removal 
was the more effective, and following the period of anoxemia where the 
liberation of lactic acid was greater the removal of lactic acid was relatively 
slow. 

Experiment 3. In this experiment certain computations and compari- 
sons are subject to greater error than in experiment 2 due to the steep 
gradient of the curves of oxygen consumption and carbon dioxide elimina- 
tion. If the oxygen gradient prior to administration of low oxygen is 
extended through the period of recovery there is excessive oxygen absorp- 
tion up to the second administration of low oxygen. If, onthe other hand, a ~ 
horizontal gradient is established from the point of the first administration 
of low oxygen we must assume a shortage of oxygen absorption from gas 
sample 7. While to be sure there is an absolute shortage, for the oxygen 
consumption is less than before the administration of low oxygen, a short- 
age does not exist if we picture the effects of administraton of low oxygen 
and readministration of room air as superimposed upon a metabolic 
gradient. But since it is probable that the curve of oxygen consumption 
would become more horizontal as the experiment proceeds it is impossible 
to make more than approximate deductions. 

During the first period of anoxemia (9.81 per cent oxygen) oxygen 
absorption dropped off abruptly. The elimination of carbon dioxide con- 
tinued virtually unchanged due to the marked increase in elimination of 
non-oxidative carbon dioxide. The source of this non-oxidative carbon 
dioxide is seen in the large increase in the blood lactic acid. During the 
rapid accumulation of lactic acid the non-oxidative carbon dioxide amounted 
to 155 ce. per kgm. hour while the carbon dioxide equivalent of lactic acid 
amounted to 533 ec. or three times as much. In terms of carbon dioxide 
(at gas sample 2) there was a potential formation of carbon dioxide during 
the initial period of 186 cc. (oxidative) + 533 cc. (non-oxidative) = 719 ce. 
or 2.21 times as much as during the administration of room air. Unless the 
carbon dioxide is carried off at a much more rapid rate than normal the 
tissues most probably turn acid. Interestingly enough it will be noted 
that the blood had turned more alkaline. On readministration of room air 
oxygen absorption and carbon dioxide elimination increased. Despite 
the relatively large increase in carbon dioxide elimination, the expiratory 
quotient suddenly decreased from the abnormally high value of 1.28 during 
anoxemia to the abnormally low value of 0.66 during oxidative recovery. 
This is explained again by non-oxidative removal of acid. 

At 85 minutes 4 seconds a lower mixture of oxygen was administered 
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(8.00 per cent) for a period of 6 minutes 51 seconds. There was a greater 
reduction in oxidation, a relatively greater accumulation of lactie acid 
accompanied by an actual increased elimination of carbon dioxide. The 
increase in the expiratory quotient (2.84 — 0.76 = 2.08) was greater than 
that occurring on the administration of the higher oxygen mixture (1.35 — 
0.75 = 0.60). This agrees with the results of experiment 1 and others 
that the greater the anoxemia the greater the increase in the expiratory 
quotient. This relation is shown in figure 8. On readministration of 
room air there was very poor recovery. Oxidations were only slightly 
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Fig. 5. Experiment 3 


increased, still lactic acid disappeared at a rapid rate and the expiratory 
quotient diminished as before but not as markedly. 

During the first perod of low oxygen (9.81 per cent) the elimination of 
non-oxidative carbon dioxide equaled 36 per cent of the carbon dioxide 
equivalent of lactic acid. Between the first and second administration of 
low oxygen the computed carbon dioxide index is 2.71. This exceedingly 
high value is difficult to explain unless we asume that the true respiratory 
quotient was increased by anoxemia as is indicated by gas samples 7, 8 
and 9 and that a relatively large amount of the lactic acid which dis- 
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appeared during recovery was removed by oxidative processes. During 
the second administration of low oxygen while the formation of lactic acid 
is rapid the carbon dioxide index again approached more usual values 
— 0.45. For the more inclusive period between the administration of low 
oxygen and gas sample 14 the value increased again to 1.15. It might be 
well to consider the probability of formation of fixed acids other than lactic 
acid. 

The oxygen lactic acid ratios for this experiment have been computed 
intwo ways. In one, the gradient of oxygen consumption has been ignored 
and as base for comparison a horizontal line was extended from the point 
at which low oxygen was administered. In the other, the initial gradient 
was extended. Ignoring the gradient, the ratio of oxygen shortage to 
lactic acid increase during the first period of anoxemia was 144 indicating 
a fairly rapid formation of lactic acid. This method, however, gives a 
very short period of excess absorption of oxygen and after gas sample 7 
there is a definite shortage of oxygen accompanied by a rapid removal of 
lactic acid. Thus for the total period of anoxemia and recovery up to the 
second low oxygen the ratio is very high indicating exceedingly slow forma- 
tion of lactic acid. In attempting a correction by extending the oxygen 
consumption gradient for the period of anoxemia the quotient is approxi- 
mately the same, 135 as compared with 144. For the period of recovery 
from room air to the second administration of low oxygen the ratio of 
oxygen excess to lactic acid decrease is 170, and for the period of anoxemia 
plus the period of recovery up to gas sample 7 the ratio of oxygen shortage 
to lactic acid increase is 122. The results obtained with the gradient are 
in far better agreement with the results of the preceding experiments. The 
oxygen lactic acid ratios for the second low alveolar oxygen and recovery 
computed by the two methods are in better agreement for the gradient is 
less. For the period of anoxemia the ratio of oxygenshortage to lactic acid 
increase was 139 with the horizontal gradient and 138 with the initial 
gradient and for the total period of anoxemia and recovery the ratios were 
325 and 285 respectively. 

Exveriment 4 shows effects of administration of low oxygen, of saline 
solution and of the simultaneous administration of carbon dioxide and 
sodium bicarbonate. For the present only the effects of lowered alveolar 
oxygen will be considered. 

During the first fifteen minutes of the experiment preceding the admin- 
istration of low oxygen, the mean blood pressure fell steadily and oxygen 
consumption and carbon dioxide elimination diminished, the expiratory 
quotient, however, remained virtually unchanged at 0.83. Strangely, 
too, there was no change in the blood picture indicating the usual effects 
of anoxemia. But with the administration of low oxygen, oxygen ab- 
sorption was markedly reduced. There was only a smal! reduction in 
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expired carbon dioxide and the expiratory quotient rose from 0.83 to 
2.13. Blood lactic acid increased rapidly accompanied by a corresponding 
decrease in blood carbon dioxide capacity and a marked decrease in the 
hydrogen ion concentration of the blood. 

Elimination of non-oxidative carbon dioxide increased decidedly. 
During the period of anoxemia the carbon dioxide index was 0.50. Read- 
ministration of room air led to excessive oxygen absorption, excess elimina- 
tion of carbon dioxide, a retention of carbon dioxide, a reduction of the 
expiratory quotient below the initial level, a reduction in the blood lactic 
acid and an increase in the blood carbon dioxide capacity. 
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Fig. 6. Experiment 4 


Experiment 5 shows effects of two administrations of an 8.47 per cent 
oxygen mixture. While in general the results resemble those of other 
experiments there are some differences worthy of note. On the first 
administration of low oxygen, oxygen absorption fell to an exceptionally 
low value. Carbon dioxide elimination remained approximately constant ; 
the expiratory quotient rose from 0.87 to 4.34. Blood lactic acid in- 
creased and also the hydrogen ion concentration of the blood. The 
increase in carbon dioxide capacity of the blood is a striking and unexpected 
phenomenon. On readministration of room air both oxygen absorption 


72 72 in 728 1% 723 72 4 
3 
600 
428 “ 700 
sos as ons es 
A ~ 
4 
| | 300 
3 2% 285 333 309 2% Lie 
000 petsuet 100 
| 
| 300 
a 200 
| 
| | 
100 
LA 
CO, (MOM ORIDATIVE) 


pee‘z | | | | | | FE 
| } | } le 


"99 
wooy 
‘ou 
YSL1'8 
‘ou 
‘ou 
"99 | 


BERNTHAL 


GORHAM AND T. 


ER, ¢ 
NO 


i 
~ 
LI 


| 


40 INAD UGd | + 


09 


“90 


"99 
MLOVI 


NOILVNI 


-WITS *OO AGNV 


IVOLOV 
‘HH 


“HH ‘WON 


auaasooud 


“HH ‘KOM 
ALIOVdV) 


| TIVNS NI ADHANG 
OILOV140 
40 LNA TVAINOGS AOD 


4o 


‘HH ‘WOM 


‘O'a NO SNOLLVa 
-IXO NOILVNINITA 


R. GESELL, H. 


NI 
IN@ILOOD 


GOO1d | 


99 NI NOILVNINI1TS 


| 001 “WOW NI alov 


GAILVGIXO-NON 
“aH ‘ADM Ud SAINOTVD 

| TIVAS NI ADWANG FZAILVAIXO | 
tQ 40 LNAO uad 


“99 


SZAILVGIXO-NON + GAILVAIXO 


‘AON TIVKS 


‘TVINALUV 


| NI 
| NI 
uagd 


ATAVL 


328 


} 
© 
| 
} 
— |} 
| 
| 
ur | 
— |} 
| 
=, 
= | 
= 
> 
| 
'~ 
~ 
| 
ANS | 
| Nw 
> 
Nos | 
noes } 
| 
soc | 
< | 
OM | 


ALVEOLAR OXYGEN AND RESPIRATION 329 


and carbon dioxide elimination were again increased. The reduction in the 
expiratory quotient was relatively small corresponding perhaps with the 
slow rate of disappearance of blood lactic acid. Comparing the non- 
oxidative carbon dioxide with the carbon dioxide equivalent of lactic acid 
it will be seen that the relative area of the non-oxidative carbon dioxide 
curve is excessively large—for the first time larger than the area of the 
curve of carbon dioxide equivalent of lactic acid during anoxemia. From 
low oxygen to gas sample 4 the carbon dioxide index was 1.07, from gas 
sample 4 to room air it was 1.20 and for the total period from low oxygen 
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Fig. 7. Experiment 5 


to room air it was 1.09. For the total period from low oxygen to gas 
sample 8 which includes recovery, the coefficient was 0.80. This is still 
a very high figure for in general especially for the longer and more inclusive 
periods the carbon dioxide index was approximately 0.45. It is, therefore, 
of interest to know what mechanisms have been at work to raise the carbon 
dioxide index so excessively. An exceptionally large increase in volume 
flow of blood might possibly contribute. The records show an increase 
in carotid flow. It is also possible that in this particular animal lactic 
acid migrated from the tissues to the blood slowly compared with the rapid 
diffusion of carbon dioxide. That is, a relatively large amount of lactic 
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acid may have been retained in the tissues and the carbon dioxide which 
was formed may have reached the blood and been eliminated in the lungs. 
There is some evidence suggesting this possibility, for example, the oxygen 
lactic acid ratio during the short period of anoxemia is very high, 333, 
indicating a very small formation of lactic acid during oxygen shortage. 
When, however, the oxygen lactic acid ratio is computed for the more 
inclusive period from low oxygen to gas sample 8 the ratio is 79 indicating 
& more copious formation of lactic acid. This smaller ratio may be due 
in part to a more complete diffusion of lactic acid into the blood stream. 

Energy production fell off during anoxemia as is commonly the case but 
during the subsequent period of readministration of room air there was a 
prolonged period of hyper-oxidation which raised the sum total of energy 
dissipated during anoxemia and recovery above the normal. 

All in all, the results of the second 
administration are like those of the 
first. Note that the second adminis- 
tration did not lowerthe rate of oxygen 
absorption as much as the first admin- 
istration and that during anoxemia 
there was a tendency to check the im- 
pairment of oxidations. The smaller 
reduction in oxidations was accom- 
panied by the smaller increase in the 
expiratory quotient. The carbon di- 
oxide index was again very high for the PS CSS ase 
period of anoxemia (1.12), but in this Fig. 8 
case was still higher for the total 
period from low oxygen to gas sample 13. The total energy production 
for the period of anoxemia and recovery was again greater than normal. 
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SUMMARY 


This paper is the first of a series in which numerous factors relating to 
respiratory control are simultaneously studied. 

Tidal air, pulmonary ventilation, respiratory movements, carbon dioxide 
and oxygen content of expired air, total elimination of carbon dioxide and 
total absorption of oxygen, expiratory quotient, lactic acid content of the 
blood, carbon dioxide capacity of the blood, hydrogen ion concentration 
of the blood, volume flow of blood, mean arterial blood pressure, oxidative 
energy, non-oxidative energy, the relation of shortage of oxygen consump- 
tion to accumulated lactic acid, the relation of excess oxygen consumption 
to the disappearance of lactic acid, the relation of total elimination of 
carbon dioxide to that required by oxidations, the relation of the lactic 
acid content of the body to the liberation and retention of carbon dioxide, 
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the proportion of fixed acid combining with bicarbonate and the proportion 
reacting with other buffer systems were studied. 

The object of this series of experiments is a further evaluation of the 
various factors in respiratory control with particular reference to a differen- 
tiation in the effects of hydrogen ion concentration and the effects of im- 
paired oxidations independent of changes in acid base equilibrium. 

In the first of this series of experiments room air and gaseous mixtures 
low in oxygen were administered by constant artificial ventilation during 
pneumo-thorax. 

With administration of gaseous mixtures low in oxygen the consumption 
of oxygen invariably decreased. With the readministration of room air, 
oxygen consumption increased to super normal levels and then returned to 
normal values. The excess oxygen consumption was, as a rule, consider- 
ably less than the preceding shortage. 

With the same administrations the changes in carbon dioxide elimination 
were considerably smaller. While the absolute amount of carbon dioxide 
eliminated during lowered alveolar oxygen was eommonly decreased, in 
some experiments it remained virtually unchanged and in others it increased 
above the normal level. With readministration of room air carbon dioxide 
elimination almost invariably increased above the normal level. In one 
experiment in which carbon dioxide elimination was above normal during 
lowered alveolar oxygen (expt. 2) the primary effect of readministration of 
room air was a reduction in carbon dioxide elimination. 

These alterations in gaseous exchange resulted in an increased expiratory 
quotient during lowered alveolar oxygen and to a decrease below normal 
soon after readministration of room air. The greater the oxygen shortage 
the greater was the increase in the expiratory quotient. 

Lowered alveolar oxygen was accompanied by an increase in blood lactic 
acid and a decrease in carbon dioxide capacity of the blood. Readminis- 
tration of room air was associated with a decrease or a tendency towards a 
decrease of blood lactic acid and an increase or tendency towards an in- 
crease in blood carbon dioxide capacity. 

Despite the fact that pulmonary ventilation was constant and that the 
carbon dioxide capacity decreased during lowered alveolar oxygen the 
hydrogen ion concentration of the arterial blood diminished. With read- 
ministration of room air the hydrogen ion concentration increased above 
normal and then tended to return to normal. 

Lowered alveolar oxygen increased the carotid flow of blood and read- 
ministration of room air diminished the flow. 

Since pulmonary ventilation was constant the changes in the expiratory 
quotient were attributed to changes in lactic acid metabolism and volume 
flow of blood. Itis suggested that the increased expiratory quotient during 
anoxemia resulting from reaction of newly liberated lactic acid with 
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bicarbonate base is slightly augmented by the freer ventilation of the body 


resulting from increased flow of blood. Similarly the decreased volume 
flow of blood with readministration of room air should augment the reten- 
tion of carbon dioxide produced by the shift of lactic acid back to the pre- 
cursor state. 

It is suggested that the true respiratory quotient may vary from moment 
to moment in acute experiments accompanied by changes in alveolar 
oxygen due to variations in concentration of combustible materials and 
to variations in the oxidative mechanism. 

But assuming a constant true respiratory quotient and subtracting th 
theoretical oxidative carbon dioxide from the total elimination of carbon 
dioxide an approximate curve of non-oxidative carbon dioxide elimination 
was obtained. This curve indicates a large elimination of non-oxidativ 
carbon dioxide during lowered alveolar oxygen and a retention of carbon 
dioxide during readministration of room air. 

Assuming an approximately equal distribution of lactic acid between 
tissues and blood (the possible fallacy of which is recognised) the total 
accumulation of lactic acid is computed. This accumulation of lactic 
acid plus the carbon dioxide formed by oxidation processes greatly exceeds 
the total formation of acid (oxidative CO,;) when oxidations 9°° not im- 
paired. The amount of acid formed exceeds the amount eliminated 
(CO2). 

The quotient of non-oxidative carbon dioxide over the corresponding 
carbon dioxide equivalent of lactic acid is used as an approximate index 
to the amount of lactic acid reacting with bicarbonate base. ‘This 
quotient which is designated as the carbon dioxide index suggests that 
approximately 40 per cent of the lactic acid which was liberated combined 
with sodium bicarbonate. 

Adding the caloric equivalents of oxygen consumed to the energy shift 
accompanying the lactic acid shift an approximate curve of energy pro- 
duction was obtained. If the rate of lactic acid production per unit of 
oxygen shortage is low the curve of energy production falls during a period 
of lowered alveolar oxygen. If the rate of lactic acid production is high the 
curve of energy production will rise. The curve of energy production 
usually fell during anoxemia and invariably rose above the normal level 
on readministration of room air. 
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In the preceding paper we have analyzed in some detail the effects of 
anoxemia. In this paper we give attention to the effects of intravenous 
injection of sodium cyanide. While both anoxemia and sodium cyanide 
reduce the rate of oxidations the attending conditions are somewhat 
different and seem to call for comparative study. In the first place the 
reduction in oxidations is produced in different ways. During anoxemia 
the blood is poorly oxygenated and the tissues suffer from lack of oxygen. 


The oxidative mechanism is intact. During cyanide effects the blood is a 
bright arterial red and is hyperoxygenated. The supply of oxygen is 
more than adequate, but the oxidative mechanism is impaired and the cells 
can no longer use oxygen as freely as before. In both conditions the 
transport of carbon dioxide is impaired by virtue of a broken coérdination 
of the dual function of hemoglobin.‘ This is due to the rapid formation 
of lactic acid during impaired oxidations and to the absence of adequate 
reduction of oxyhemoglobin in the tissues to absorb free carbon dioxide 
and to the absence of adequate oxidation in the lungs to liberate the 
combined carbon dioxide (Gesell and Hertzman, 1928). During anox- 
emia the blood is in a relatively constant state of low oxidation and during 
cyanide poisoning it is in a relatively constant state of high oxidation. 


1 Preliminary report. THis JouRNAL, 1929, xc, 359. 

2 This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association. 

3 Submitted in partial fulfillment of the requirements for the Degree of Doctor of 
Philosophy. 

* While the conception of the “broken coérdination of the dual function of hemo- 
globin’’ (Gesell) was based on the findings of Haldane, of L. J. Henderson, of Van 
Slyke and others, the recent findings of Henriques (1929) indicating a direct reaction 
between carbon dioxide and hemoglobin to form carbohemoglobin do not effect the 
significance of this conception. 

339 


340 R. GESELL, H. KRUEGER, G. GORHAM AND T. BERNTHAL 


Under the conditions of the present series of experiments in which constant 
artificial ventilation is administered there is another difference between 
anoxemia and cyanide poisoning related to the hydrogen ion concentration 
of the blood. Administration of gaseous mixtures low in oxygen initiates 
an alkaline change. Administration of cyanide initiates an acid change 
(Gesell and Hertzman, 1928). With these differences already well estab- 
lished a more detailed study is of interest. 

MernHop. On the whole the procedure in the cyanide experiments was 
the same as in the preceding experiments. Room air was continuously 
administered at a uniform volume and after optimum conditions were 
established two sets of blood and gas samples were taken at ten and 
fifteen minute intervals. Sodium cyanide was then injected intraven- 
ously over varying periods of time and the animal allowed to recover. 
Our objective was to produce relatively severe impairment of oxidations 
without permanent injury to the tissues. This was difficult. If injection 
was made too slowly or not carried far enough the effects were too small to 
follow with sufficient accuracy over short intervals of time. If the injec- 
tion was rapid and the effects decided, recovery was likely to be imperfect 
and very slow as compared with recovery on readministration of room air 
following anoxemia. On the whole the results were not as satisfactory 
as those on anoxemia where reversibility was more perfect. 

Resuuts. Experiment 1. The tables and figures show the effects of 
intravenous injection of sodium cyanide and sodium bicarbonate. The 
table shows the results of the earlier part of the experiment as well. Pre- 
ceding the injection of sodium cyanide (not shown in the graph) 150 cc. of 
saline solution were injected at 1 minute 58 seconds; at 33 minutes 20 
seconds the animal was bled 250 cc.; at 39 minutes 18 seconds it was bled 
140 cc. more; at 63 minutes 47 seconds the blood was reinjected. Gas 
samples 8, 9 and 10 follow hemorrhage and immediately precede the 
injection of sodium cyanide. During this period oxygen consumption 
and carbon dioxide elimination slowly decreased. There was a slight 
reduction in the bood lactic acid and a small increase in the blood carbon 
dioxide capacity. Blood pH and expiratory quotient remained virtually 
constant. At 110 minutes injection of 0.003M sodium cyanide was begun 
and ended at 118 minutes. Oxygen absorption and carbon dioxide elimi- 
nation decreased and the expiratory quotient increased from 0.80 to 1.07. 
At the end of injection recovery was exceptionally prompt. (Gaseous 
exchange increased rapidly at first, then more slowly and within approxi- 
mately twenty minutes slowly decreased again. The expiratory quotient 
dropped rapidly at first to 0.89 and 0.91 respectively then more slowly to 
(0.84 and then as the condition of the animal deteriorated the expiratory 
quotient rose once more to 0.90. The results thus agree with the earlier 
experiments of McGinty and Gesell (1927) on cyanide administration 
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in which subnormal expiratory quotients of recovery were uncommon. As 
in the experimants where low oxygen was administered, lactic acid accu- 
mulated in the blood during the period of markedly impaired oxidations 
During the period of recovery when oxidations increased and returned 
towards normal, blood lactic acid diminished. There is fair agreement 
between the curves of carbon dioxide capacity of the blood and blood 
lactic acid even though the carbon dioxide capacity failed to increase 
during recovery. The changes in hydrogen ion concentration of the blood 
agree with the general increase in blood lactic acid and with the general 
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decrease in carbon dioxide capacity. The pH findings are similar to 
findings of earlier experiments in this laboratory (Gesell and Hertzman, 
1928). 

The gaseous metabolism during recovery differs from the metabolism of 
recovery following anoxemia in that the expiratory quotient remained 
above the level of the quotient preceding the injection of cyanide. This 
difference, however, may be one of degree only and can hardly be taken 
as evidence of total absence of non-oxidative removal of lactic acid for the 
drop in the expiratory quotient from 1.07 to 0.89 is relatively rapid. ‘Ihe 


Fig. 1. Experiment 1 
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absence of a further drop is to be attributed to a less complete recovery 
of the tissues and to a partial impairment of the non oxidative mechanism 
of removal of lactie acid. 

Considering next the elimination of non-oxidative carbon dioxide it will 
be seen from the graph that this is exceedingly small, particularly when 
compared with the theoretical maximum liberated by the reaction of the 
newly formed lactic acid with bicarbonate. According to table 6 the 
carbon dioxide index from the beginning of injection of sodium cyanide to 
gas sample 11 is only 0.08; from gas sample 11 to gas sample 12 it is 0.12; 
from gas sample 12 to gas sample 13 it is 0.19 and from the injection of 
sodium cyanide to gas sample 15 the carbon dioxide index is 0.24. These 
figures stand in striking contrast to the higher indices of the low alveolar 
oxygen experiments. Especially does this hold for the period of rapid 
formation of lactic acid when during anoxemia the elimination of non- 
oxidative carbon dioxide is usually very high. The absence of absolute 
retention of carbon dioxide following the end of injection as shown in the 
graph is also in contrast with the usual results following readministration 
of room air after anoxemia. The curve of energy production will be seen 
to rise. This is due to the high rate of formation of lactic acid with 
respect to oxidation shortage. 

Experiment 2. Sodium cyanide was injected early in the experiment and 
gas samples 1 and 2 were taken shortly before injection. During this 
pre-administration period oxygen absorption and carbon dioxide elimina- 
tion and the changes in blood pH, blood carbon dioxide capacity and 
blood lactic acid were very small and negligible for purposes of comparison 
with the changes occurring during the subsequent period of injection. 
At 27 minutes 23 seconds sodium cyanide was injected. At gas sample 3 
oxygen absorption had fallen from 493 ce. per kgm. hour to 423.6 ec. and 
carbon dioxide elimination had risen from 380.2 cc. per kgm. hour to 
386.9 cc. The expiratory quotient rose from 0.77 to 0.91. This initial 
increased elimination of carbon dioxide during the period of impaired 
oxidations while differing ..om experiment 1 of this series resembles results 
of some of the anoxemia experiments. From gas sample 3 to gas sample 4 
both oxygen absorption and carbon dioxide elimination decrease, but as 
oxygen consumption falls more rapidly the expiratory quotient increases 
from 0.91 to 0.97. This period of impaired oxidation was accompanied 
by the usual increase in blood lactic acid and blood acidity and decrease 
in the blood carbon dioxide capacity. At the end of injection of cyanide 
there was a distinct increase in gaseous metabolism but the maximum 
elimination of carbon dioxide and maximum absorption of oxygen failed to 
reach the initial normal level. In agreement with this permanent shortage 
of oxidations blood lactic acid and blood acidity continued to increase, 
but rather strangely the carbon dioxide capacity of the blood showed 
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only a minor decrease. While oxygen absorption and carbon dioxide 
elimination following injection of sodium cyanide failed to reach the 
initial level the shape of the curves suggest overshooting common to so 
many of the experiments on the effects of lowered alveolar oxygen. Con- 
struing this portion of the curves as indicative of overshooting this over- 
shooting must be looked upon as being superimposed on a lower level of 
gaseous metabolism. The drop in the expiratory quotient from 0.97 
0.92 and 0.87 with a subsequent rise may be construed in favor of a tem- 
porary non-oxidative removal of carbon dioxide. 
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Fig. 2. Experiment 2 


Comparing the areas of the carbon dioxide equivalent of lactic acid and 
the non-oxidative carbon dioxide, the relatively small liberation of non- 
oxidative carbon dioxide during the early period of impaired oxidation is 
indicated again. From the injection of sodium cyanide to gas sample 4 the 
carbon dioxide index is only 0.24 but as the period becomes more inclusive 
the index rises. From the period between injection and gas sample 8 it is 
0.50 and for the period between injection and gas sample 9 it has reached a 
relatively high figure 0.68. At no point was there absolute retention of 
carbon dioxide. 

During the early part of the period of impaired oxidations the energy 
liberated by the formation of lactic acid more than compensates for the 
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energy lost by reduction in oxidations. Energy production rose from gas 
sample 2 to gas sample 3 from 1858 calories per kgm. hour to 2098. Cor- 
responding to this rise there was a small oxygen lactic acid ratio of 40. 
From this point on the ratio is relatively large. From gas sample 3 to gas 
sample 4 it is 139; from sample 4 to 5 it is 141; from sample 5 to 6 it is 282; 
and from sample 6 to 7 it is 168; from sample 8 to 9 it is 179. There was 
consequently a continued fall in energy production despite increasing 
oxygen absorption from gas sample 4 to 5 to 6 to 7. 
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Fig. 3. Experiment 3 


Experiment 3. Sodium cyanide was injected very late in the course 
of this experiment—at 141 minutes 50 seconds. The preceding history 
of the experiment is—administration of 11.46 per cent CO, in 21.39 per 
cent O, at 19 minutes 58 seconds, room air at 34 minutes 58 seconds, 19.22 
per cent CO, in 27.12 per cent O2 at 64 minutes 1 second, room air 81 
minutes 50 seconds, and 500 cc. saline at 121 minutes 5 seconds. We have, 
therefore, to consider not only a generally deteriorated condition of the 
animal but the effects of previous administration of carbon dioxide and 
saline solution. The elimination of carbon dioxide which was absorbed 
and stored during the administration of carbon dioxide must be differ- 
entiated from the elimination of the true oxidative carbon dioxide. Pre- 
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ceding the injection of saline solution oxygen consumption was nearly 
constant—349.9 ec. per kgm. hour at gas sample 14 and 339.5 ec. at gas 
sample 15. Carbon dioxide elimination 400.8 and 348 ec. per kgm. hour 
respectively was in excess of oxygen absorption. At gas sample 14 the 
expiratory quotient was 1.15 and at gas sample 15 it was 1.03. Since 
lactic acid was increasing between these samples it must be considered as 
one source of the excess carbon dioxide. The general downward gradient 
of the curve of non-oxidative carbon dioxide indicates that previously 
stored carbon dioxide is another source. When sodium chloride was 
administered oxygen absorption and carbon dioxide elimination increased 
to approximately the same extent. The elimination of carbon dioxide 
fell off more rapidly than absorption of oxygen and the expiratory quotient 
fell from 1.02 to 0.99 to 0.95. The elimination of non-oxidative carbon 
dioxide continued to fall along a similar gradient. 

At 141 minutes 50 seconds 100 cc. 0.003M NaCN were injected over a 
period of ten minutes. Between gas samples 18 and 19 oxygen absorption 
fell off from 423.8 to 353.2 ee. per kgm. hour and carbon dioxide elimina- 
tion increased from 403.4 to 409.6 ec. per kgm. hour with an increase in the 
expiratory quotient from 0.95 to 1.16. Between gas samples 19 and 20 
both oxygen absorption and carbon dioxide elimination decreased and the 
expiratory quotient remained at 1.15. During recovery oxygen absorption 
increased more rapidly than elimination of carbon dioxide. The curves 
cross and the expiratory quotient falls considerably below unity. These 
results resemble some of those with the administration of low oxygen, in 
that carbon dioxide elimination actually increases though oxygen absorp- 
tion falls off and in that the curves recross during recovery. These changes 
in gaseous metabolism were accompanied by increase and decrease in blood 
lactic acid. The carbon dioxide index, however, is again distinctly low 
during impaired oxidations as compared with the low oxygen experiments. 
These indices have been computed in two ways—one correcting for the 
gradient and the other ignoring the gradient of the curve of elimination of 
non-oxidative carbon dioxide. The computations correcting for the 
non-oxidative carbon dioxide would appear to be the more reliable. Ac- 
cording to these values the carbon dioxide index for the period of increasing 
blood lactic acid was 0.25. For the more inclusive period from the begin- 
ning of injection to gas sample 23 which takes in the period of disappearance 
of blood lactic acid the figure of 0.52 approaches the more common value 
for the low oxygen experiments. 

The curve of energy production rises and falls in accordance with the 
changes in gaseous metabolism and the lactic acid shift. At gas sample 21 
it is higher than at gas sample 18 immediately preceding the injection of 
sodium cyanide, namely, 2170 calories per kgm. hour as compared with 
2031. 
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Experiment 4. Sodium cyanide was injected at 100 minutes 50 seconds. 
Previous to this 11.5 per cent CO, in a 21.2 per cent O2 mixture was ad- 
ministered at 21 minutes 54 seconds, room air readministered at 33 minutes 
48 seconds, and 200 cc. saline injected at 55 minutes. Between gas 
samples 8 and 9 preceding cyanide injection, oxygen consumption and 
carbon dioxide elimination fell off rapidly yet blood lactic acid and blood 
carbon dioxide capacity remained nearly constant. The change in blood 
pH, however, is slightly in the acid direction. The fall in the expiratory 
quotient can be explained by the decreasing elimination of carbon dioxide 
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Fig. 4. Experiment 4 


previously absorbed during the administration of carbon dioxide. At 
100 minutes 50 seconds 50 cc. of 0.003M NaCn were injected. Oxygen 
absorption and carbon dioxide elimination decreased, the expiratory 
quotient increased, blood lactic acid and blood acidity increased. Blood 
carbon dioxide capacity according to analysis increased. This is counter 
to the regular run of results but since this finding is repeated on the second 
administration it is rather difficult to attribute it to accidental error in 
analysis. With recovery both oxygen absorption and carbon dioxide 
elimination run higher than the initial rates preceding injection. The 
curves diverge with a resulting drop in the expiratory quotient to 0.83 
indicating that some lactic acid is being removed by non-oxidative pro- 
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cesses though the curve of blood lactic acid shows only a slight reduction in 
lactic acid. The second and larger injection of cyanide produced more 
decided effects. Oxygen absorption fell off through gas samples 14 and 15 
while carbon dioxide elimination fell off only temporarily and then began 
to rise during the rapid formation of lactic acid. The expiratory quotient 
was correspondingly larger than during the first injection of cyanide. As 
oxidation tended towards recovery and lactic acid accumulated at a slower 
rate the expiratory quotient falls again below unity. Once more there is 
disagreement between the curves of blood carbon dioxide capacity and 
blood lactic acid. Throughout this experiment there seems to be a 
constant tendency of simultaneous divergence or convergence of the curves 

Correcting for the gradient of the curve of elimination of non-oxidative 
carbon dioxide the graph shows a very small carbon dioxide index. Follow- 
ing the first injection, the carbon dioxide index for the inclusive period 
from injection to gas sample 13 is 0.18 and for the second injection up to 
gas sample 16 the index is 0.25. 

The curve of energy production shows very little change during the 
first injection and recovery but for the second injection the energy liber- 
ated by the rapid formation of lactic acid more than compensates for the 
loss due to oxidations and the curve shows a sharp rise. The energy 
production at gas samples 14 and 15 is higher than the initial value 
despite the very low rate of oxidations. Consulting the table of oxygen 
lactic acid ratios and carbon dioxide indices it will be seen that the amount 
of lactic acid formed per unit of shortage of oxygen is large. The ratios 
of oxygen shortage over lactic acid increase are small; for the first period 
of injection and recovery it is 23 and for the second period of injection and 
recovery it is 75. For the first two periods during the more rapid forma- 
tion of lactic acid it is 27 and 53 respectively. 

Experiment 5. There were five injections of sodium cyanide and one 
injection of isotonic saline solution. The last three injections of sodium 
cyanide occurring at 77 minutes 21 seconds, 83 minutes 48 seconds, and 
90 minutes 48 seconds occur in such rapid succession that they may be first 
considered as one injection. The general effect of all of the injections of 
cyanide was a drop in the gaseous metabolism. Oxygen absorption fell 
from 397.7 cc. per kgm. hour to 203.4 ee. Carbon dioxide elimination 
dropped from 345.3 cc. per kgm. hour to 197.3cce. The expiratory quotient 
increased from 0.87 to 0.97. Blood lactic acid increased from 37 mgm. 
per 100 cc. of blood to 98.5 grams. The carbon dioxide capacity of the 
blood decreased from 59.20 ec. to 44.50 ec. and the pH of the blood de- 
creased from 7.50 to 7.30. The immediate effects of injections were super- 
imposed on these general effects. Each of the three injections produced 
an appreciable accumulation of lactic acid in the blood. During recovery 
after the first injection there was a fairly rapid disappearance of lactic 
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acid. During recovery following the last two injections there was no 
disappearance of lactic acid from the blood. Only the rate of the preceding 
accumulation was reduced. Each accumulation of lactic acid was ac- 
companied by a rise in the expiratory quotient and each period of recovery 
by a fall. Though the total amount of lactic acid accumulated in the 
blood is relatively large the amount of non-oxidative carbon dioxide 
eliminated is relatively small. For the total period from the first injection 
of cyanide to gas sample 14 the carbon dioxide index is 0.26. While the 
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Fig. 6. Experiment 6 


general tendency of energy production is downward there are three high 
points in the curve where the rate of lactic acid accumulation with respect 
to the shortage of oxygen consumption is relatively high. At gas sample 3 
the total energy increased from a normal value of 1915 calories per kgm. 
hour to 2372 calories. The corresponding ratio of oxygen shortage to 
lactic acid increase was 3. At gas sample 9 the energy production was 
again above normal—1971 calories. The corresponding oxygen lactic 
acid ratio was 51. At gas sample 12 the energy production increased again 
but not above normal. The corresponding oxygen-lactic acid ratio was 
72. The oxygen lactic acid ratio corresponding to the general drop in 
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energy production from the first injection of cyanide to gas sample 14 was 
156 which is about twice the ratio which maintains energy production at a 
constant level. 

The injection of 1000 cc. saline solution increased gaseous metabolism 
enormously. There was a corresponding decrease in blood lactic acid and 
hydrogen ion concentration and an increase in the carbon dioxide capacity 
of the blood. Attention is called to two points of interest. The hydrogen 
ion concentration diminished despite the increase in carbon dioxide of the 
expired air from 1.83 per cent to 4.32 per cent, and the expiratory quotient 
increased from 0.97 to 1.12 despite the rapid disappearance of lactic acid. 
The decrease in hydrogen ion concentration of the blood is probably 
accounted for by the decrease in blood lactic acid and the increase in the 
expiratory quotient by the improved ventilation of the blood and tissues 
resulting from the increased flow of blood. That the ventilation of the 
blood and tissues is improved is indicated by the large increase in elimination 
of non-oxidative carbon dioxide, and assuming a partial non-oxidative 
removal of lactic acid the effects of increased flow of blood are greater than 
the expiratory quotients indicate. The total energy production is mark- 
edly increased even assuming that all of the lactic acid was removed by 
non-oxidative processes. 

Experiment 6. The graph shows effects of a very rapid injection of 
sodium cyanide towards the close of the experiment—at 156 minutes 20 
seconds. The previous history is—administration of 5.21 per cent oxygen 
mixture at 47 minutes 15 seconds, readministration of room air at 53 
minutes 56 seconds, and intravenous injection of saline solution at 93 
minutes. This experiment is one of the few in which cyanide was rapidly 
injected. Oxygen absorption and carbon dioxide elimination fell off with 
corresponding rapidity. ‘The marked fall in blood pressure indicates that 
much of the reduction of the gaseous metabolism is to be accounted for by 
the reduction in the total volume flow of blood. This is supported by the 
record of volume flow through the femoral artery. The decreased oxygen 
absorption and increased lactic acid are associated with the usual increase 
in the expiratory quotient but the decrease in carbon dioxide capacity of 
the blood is missing. The curves of blood carbon dioxide capacity and 
blood lactic acid approach each other as in some of the preceding experi- 
ments. The hydrogen ion concentration of the blood increased as it did 
in all of the preceding experiments. With return of oxidations there was a 
temporary decrease in blood lactic acid but again the carbon dioxide 
capacity of the blood changed in the unexpected direction and the curves 
of blood carbon dioxide capacity and blood lactic acid diverge. As oxida- 
tions fall again the curves once more converge. The final rapid con- 
vergence is due to an injection of sodium bicarbonate administered to 
support the failing circulation. The theoretical maximum non-oxidative 
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carbon dioxide liberated by the lactic acid with respect to the actual non- 
oxidative carbon dioxide liberated is very large and the elimination of 
non-oxidative carbon dioxide very small. For the period intervening 
between injection of sodium cyanide and gas sample 12 the carbon dioxide 
index is 0.29, and for the more inclusive period up to gas sample 13 it is 
0.26. For the limited period of increasing lactic acid from the administra- 
tion of sodium cyanide to gas sample 11 the index is very much lower 0.07. 
The low ratio of oxygen shortage to lactic acid increase during the early 
periods of impaired oxidation, 0.36 and 0.57, leads to a production of energy 
considerably in excess of the normal value. The energy production 
increaseu from 1389 calories per hour to a maximum of 1680. 


SUMMARY 


The effects of intravenous injection of sodium cyanide on numerous 
factors relating to respiratory control are studied with the methods de- 
scribed in the preceding paper. 

With room air continuously administered at a constant volume intraven- 
ous injection of sodium cyanide commonly decreased oxygen consumption 
and carbon dioxide elimination. On recovery oxygen consumption and 
carbon dioxide elimination increased. The hyper oxygen consumption 
and hyper carbon dioxide elimination common to recovery on readministra- 
tion of room air following anoxemia was seldom obtained. This perhaps 
was due to the permanent injury of the oxidative mechanism of the tissues. 
The tendency toward overshooting during incomplete recovery, however, 
was quite apparent. 

As in the anoxemia experiments the decrease in carbon dioxide elimina- 

tion was less than the increase in oxygen consumption. Injection of 
sodium cyanide was, therefore, accompanied by an increase in the expira- 
tory quotient and recovery was accompanied by a decrease. Contrary 
to the anoxemia experiments the expiratory quotient of recovery never 
fell below normal levels. 
“Tntravenous injection of sodium cyanide wag associated with a rapid 
increase in the lactic acid content of the blood/ Recovery was associated 
with a decrease or with a Jess rapid increase. Lactic acid levels at the 
beginning and end of experiments indicated incomplete recovery of the 
oxidative mechanism. 

In contrast to the experiments with lowered alveolar oxygen the im- 
mediate effects of intravenous injection were increased hydrogen ion 
concentration of the arterial blood. The absence of an alkaline change is 
presumably attributable to an absence of reduction of hemoglobin. 

Assuming equal distribution of lactic acid between blood and tissues 
the proportion of lactic acid reacting with bicarbonate as indicated by the 
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elimination of non-oxidative carbon dioxide was considerably smaller 
than in the low oxygen experiments. 

Assuming equal distribution of lactic acid between blood and tissues the 
rate of lactic acid production per unit of oxygen shortage was commonly 
higher than in the low oxygen experiments. Total energy production 
(oxidative plus non-oxidative) was frequently greater than normal during 
periods of impaired oxidations. 
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In the two preceding series of experiments tissue oxidations were im- 
paired by two distinctly different methods—reduction in the supply of 
oxygen to the tissues by lowering the alveolar oxygen pressure and im- 
pairment of the oxidative mechanism by the intravenous injection of 
sodium cyanide. In the present experiments hemorrhage and reinjection 
are employed to vary oxidations by modifying the volume flow of blood. 
While the supply of oxygen to the tissues is reduced by hemorrhage and by 
lowered alveolar oxygen the mechanisms involved are somewhat different. 
With lowered alveolar oxygen the arterial blood is poorly oxygenated and 
the total flow most probably augmented. In hemorrhage the arterial 
blood is hyperoxygenated and the flow is less than normal. Since in 
hemorrhage the venous blood is darker than normal we must picture a 
highly oxygenated blood undergoing a large reduction in oxygen content 
and oxygen pressure as it flows at a retarded rate through the tissues. At 
the venous end of the capillaries the tissues must, therefore, suffer from a 
lowered oxygen pressure as they do with lowered alveolar oxygen pressure. 
Just as the unloading of oxygen per unit flow of blood is increased by hemor- 
rhage so is the loading of the blood with acid increased per unit flow through 
the tissues. This was clearly indicated by simultaneous determination of 
the hydrogen ion concentration of arterial and venous blood during tem- 
porary acute hemorrhage (Hertzman and Gesell, 1927). In such experi- 
ments the arterial blood turned alkaline due to augmented pulmonary 
ventilation and the retarded flow of blood through the lungs, nevertheless 
the venous blood turned more acid than normal due to the retarded flow 
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of blood through the tissues. The difference in the hydrogen ion concen- 
tration of the arterial and venous blood had, therefore, been increased, 
indicating that a mechanism is at work tending to maintain a relatively 
constant acid base equilibrium of the tissues despite the reduction in vol- 
ume flow of blood. It is thus conceivable that if hemorrhage fails to re- 
duce the total oxidations, the acid base equilibrium of the body as a 
whole is little affected. The greater reduction of oxyhemoglobin which 
is entailed by the slower flow of blood through the tissues would lead to a 
greater liberation of base to accommodate the heavier load of carbon 
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Fig. 1. Experiment 1 


dioxide. There would consequently be no broken coérdination of the 
dual function of hemoglobin. On the other hand if oxidations are im- 
paired and lactic acid formation increased, a broken coérdination of the 
dual function of hemoglogin is established just as it is with lowered alveolar 
oxygen and cyanide poisoning. Thus in addition to the impairment of the 
physical transport of carbon dioxide (resulting from a decrease in flow of 
blood as a physical solvent) a chemical change is established leading to 
altered acid metabolism and altered acid accumulation in the tissues. 
Hemorrhage thus presents problems which are worthy of more detailed 


study. 


TT T T 
x BLOOD CO, CAPACITY 
mE 
40 
™m 
‘eas ‘ear 
330 
? 
BLOOD PRESSUCE ? 8 
100 
2600.6 Ton 
1000 
LA 
CO,(NOM Oxibarive) 
PSS SSS SSS SESS SSS SES 


HEMORRHAGE AND RESPIRATION 367 


Metnop. The effects of hemorrhage and reinjection of blood were 
studied by the methods of the preceding paper. Room air was continually 
administered at a constant volume and changes in blood volume produced 
by hemorrhage and reinjection through the femoral artery and vein re- 
spectively. Blood and gas samples were taken as before. 

Resutts. Experiment 1. At the beginning of the experiment at 0 
minute 300 cc. of saline solution were injected. Gas samples 1 and 2 
taken at 31 minutes 36 seconds and 48 minutes and 18 seconds indicate that 
oxygen absorption was high and constant—451.8 ec. and 445 ce. per kgm. 
hour respectively. The expiratory quotients were 0.80 and 0.79. The 
blood changes during this time were almost as small as those of gaseous 
metabolism. The hydrogen ion concentration decreased from a pH of 
7.24 to 7.27, the blood carbon dioxide capacity decreased slightly and 
blood lactic acid was virtually unchanged. At 54 minutes 5 seconds—260 cc. 
of blood were drawn but since the animal began to fail too rapidly 25 cc. 
of blood were returned at once. The immediate result of this hemorrhage 
was a sudden drop in oxygen absorption and carbon dioxide elimination of 
nearly equal proportions so that at gas samples 3 and 4 the expiratory 
quotients were only slightly elevated to 0.82 and 0.81 respectively. From 
gas samples 3 to 4 to 5 oxygen absorption was nearly constant. The slight 
change was in the upward direction from 303.9 to 306.9 to 309.6 cc. per 
kgm. hour respectively. Carbon dioxide elimination increased at a slightly 
faster rate so that at gas sample 5 the expiratory quotient had risen to 
0.88. From gas sample 5 to 6 and to the end of hemorrhage the initial 
slight improvement in gaseous metabolism gave way to a relatively rapid 
failure. Oxygen absorption diminished and carbon dioxide elimination 
increased with a resulting increase in the expiratory quotient to 0.98 at 
gas sample 6. Before injection the oxygen and carbon dioxide curves had 
crossed, meaning that the expiratory quotient had risen above unity. 
Regarding the explanation of the increased expiratory quotient during 
hemorrhage we recall our suggestion that the increased expiratory quo- 
tient of anoxemia and cyanide poisoning was due not only to a liberation 
of preformed carbon dioxide by the formation of lactic acid but in part by 
increased volume flow of blood. Clearly changes in volume flow of blood 
cannot be employed to explain the increased expiratory quotient of hemor- 
rhage where volume flow is definitely decreased. We have found, as did 
Riegel (1927), that hemorrhage leads to accumulation of lactic acid in the 
blood. The increased expiratory quotient is, therefore, explained prima- 
rily on chemical grounds. It is quite evident that where the increase in 
blood lactic acid is slow the rise in the expiratory quotient is relatively 
small and toward the end of hemorrhage where the increase in lactic acid 
is more rapid the increase in the expiratory quotient is correspondingly 
rapid. 
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After 40 minutes 25 seconds of hemorrhage the blood was reinjected. 
Though oxygen absorption and carbon dioxide elimination increased ab- 
ruptly they failed to reach the initial normal values and this despite the 
fact that femoral flow of blood was now greater than the initial flow. 
Apparently considerable deterioration of the tissues must have occurred 
during hemorrhage for the gaseous metabolism permanently failed to reach 
the normal values. The expiratory quotient diminished on reinjection 
just as it did on readministration of room air following anoxemia and dur- 
ing recovery from cyanide poisoning. The expiratory quotient, however 
failed to reach subnormal values. In this respect the results agree with 
those of the cyanide experiments but differ from those in which alveolar 
oxygen pressure was lowered. This absence of subnormal expiratory 
quotients is conceivably due to two factors working in the same direction. 
A damming up of carbon dioxide during hemorrhage which on reinjection 
of blood is free to be eliminated and an impairment of the processes of non- 
oxidative removal of carbon dioxide would lead to a relatively high ex- 
piratory quotient during the period of recovery. The fact that the expira- 
tory quotient never reaches high values during hemorrhage supports the 
view of acid accumulation in the tissues. 

The assumption of an equal distribution of lactic acid between blood 
and tissues may, therefore, lead to greater error in the hemorrhage ex- 
periments. Accordingly it is found that the calculated formation of lac- 
tic acid per unit of oxygen shortage was relatively small (see table 5). From 
hemorrhage to gas sample 3 the oxygen lactic acid ratio is 324; from gas 
sample 3 to 4 it was 362 and from sample 4 to 5 it was 362. With subse- 
quent further reduction in oxidations lactic acid entered the blood stream 
at a more rapid rate and the lactic acid oxygen ratio dropped at gas sample 
5 to 182 and at sample 6 to 193. On reinjection of the blood, lactic acid 
diminished along with the increase in oxidations. Although lactic acid 
diminished, its concentration at the end of the experiment was still above 
normal agreeing with the final subnormal rate of oxidations. The lactic 
acid oxygen ratio, 514, was high for the inclusive period of hemorrhage plus 
recovery. Since the corresponding rate of oxygen consumption was low, 
energy production was distinctly subnormal. The elimination of non- 
oxidative carbon dioxide during hemorrhage was relatively small. The 
carbon dioxide index was 0.23 but for the more inclusive period of hemor- 
rhage plus recovery it was 0.59. It should be remembered, however, that 
this figure is based on removal of lactic acid by non-oxidative processes 
and that we have already pointed out that these processes were probably 
impaired during the period of recovery. 

During the prehemorrhage period the hydrogen ion concentration of 
the arterial blood changed slowly from pH 7.24 to 7.27. With hemorrhage 
there is a minor and momentary alkaline swing possibly due to the greater 
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ventilation of the blood which has already passed through the tissues but 
as the blood becomes surcharged with carbon dioxide and lactic acid due 
to the lower rate of flow through the tissues the hydrogen ion concentra- 
tion mounts. These results agree with the more common findings of Ben- 
nett (1926) and of Johnston and Wilson (1930) on the unanesthetised dog. 
This increase in hydrogen ion concentration continues until reinjection 
after which the pH is virtually constant. The checking of the rise in hy- 
drogen ion concentration must be interpreted as a recovery phenomenon. 


Fig. 2. Experiment 2 


The changes in pH must of course be directly related to the lactic acid con- 
tent and to the carbon dioxide content of the blood but why there is a 
lack of correspondence between blood carbon dioxide capacity and blood 
lactic acid is difficult to explain. Are there other fixed acids than lactic 
acid which combine with buffer base? 

Experiment 2. During the initial prehemorrhage period of experiment 
2 the graph shows an increase in gaseous metabolism and a decrease in 
blood lactic acid. This is not an uncommon result at the beginning of 
an experiment and is probably due to a more effective ventilation than the 
preceding natural ventilation. The high initial expiratory quotient, the 
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decrease in the expiratory quotient and the decrease in blood lactic acid 
and the decrease in the carbon dioxide capacity of the blood indicate that 
lactic acid is being oxidized and that accumulated carbon dioxide is being 
washed out and absorbed by liberated buffer base. 

At 40 minutes 38 seconds—300 cc. of blood were withdrawn. This 
proved to be excessive and to prevent a progressive fall in mean blood 
pressure 25 cc. of blood were returned towards the middle of hemorrhage 
but even so the pressure continued to fall. At a mean blood pressure of 
40 mm. Hg after a period of hemorrhage of 15 minutes 32 seconds the 
remaining blood was reinjected. The initial effect of hemorrhage was a 
sudden drop in gaseous metabolism. This was then followed by a more 
gradual decline. The curves of oxygen consumption and carbon dioxide 
elimination cross early and towards the end of hemorrhage the expiratory 
quotient rises to 1.15. The late increase in carbon dioxide elimination 
resembles results commonly obtained in the experiments with lowered 
alveolar oxygen and might be explained by the rapid formation of lactic 
acid were it not for the fact that there was an associated sudden rise in 
the volume flow of blood. The mid-hemorrhage injection of 25 cc. of 
blood is probably the cause of the augmented gaseous exchange for as the 
temporary increased blood flow gives way to decreasing flow there is a 
parallel change in gaseous metabolism. It will be noted that the curves of 
gaseous exchange and mean blood pressure look very much alike. Volume 
flow of blood shows the same changes. On reinjection of the blood, vol- 
ume flow of blood and gaseous exchange were rapidly increased. While 
oxygen absorption never reaches the initial prehemorrhage level, carbon 
dioxide elimination becomes excessive and the expiratory quotient remains 
above unity approximately twenty minutes but then rapidly approaches 
the initial value. Though there is a rapid decrease in blood lactic acid the 
quotient fails to reach subnormal values. 

At 86 minutes 33 seconds—500 cc. of saline solution were injected. 
Gaseous exchange increased again indicating that despite the previous 
reinjection of blood the volume flow of blood was not adequate to accom- 
modate normal oxidations. This is supported by the more rapid disap- 
pearance of blood lactic acid. 

In general there is a rough agreement in the blood picture as presented 
by the three curves of blood pH, blood carbon dioxide capacity and blood 
lactic acid. Barring the momentary alkaline change, the blood turns 
acid during hemorrhage. This increased hydrogen ion concentration is 
associated with an increased blood lactic acid and a decreased blood 
carbon dioxide capacity. Reinjection of the blood is followed by a delayed 
decrease in hydrogen ion concentration of the blood, a delayed increase in 
blood carbon dioxide capacity and a decrease in blood lactic acid. The 
blood samples are taken too infrequently to give accurately shaped curves. 


HEMORRHAGE AND RESPIRATION 


During hemorrhage the carbon dioxide equivalent of lactic acid is 
large and again the amount of non oxidative-carbon dioxide eliminated 
is small. The carbon dioxide index is only 0.14. On reinjection of the 
blood there is a sudden increased elimination of non-oxidative carbon 
dioxide despite the relatively rapid disappearance of blood lactic acid. 
Assuming that our methods of computation are approximately correct 
elimination of non-oxidative carbon dioxide and disappearance of lactic 
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Fig.3. Experiment 3 


acid go hand in hand for the next thirty minutes. Thus if the true respira- 
tory quotient (oxidative carbon dioxide over oxygen consumed) has re- 
mained relatively constant, which is the assumption made in these com- 
putations, then decreased flow of blood during hemorrhage would appear 
to cause an accumulation of acid in the tissues and subsequent increased 
flow an augmented elimination of this stored acid. The total end effect 
on the inclusive carbon dioxide index might thus approximate the inclusive 
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carbon dioxide index of the anoxemia experiments. When the total 
non-oxidative carbon dioxide eliminated for the period of hemorrhage and 
recovery is considered in relation to the corresponding carbon dioxide 
equivalent of lactic acid the carbon dioxide index mounts to 0.65. This 
is somewhat nearer the average figure for the anoxemia experiments. 

The rate of lactic acid formation per unit of oxygen shortage computed 
on the basis of equal distribution of lactic acid in the blood and tissues 
is relatively low. From hemorrhage to reinjection the oxygen lactic acid 
ratio is 127 and from hemorrhage to gas sample 9 it is 296. The result is a 
drop in the total dissipation of energy. 

Experiment 3. In this experiment the dog is bled 300 ce. between 
40 minutes 40 seconds and 42 minutes 45 seconds and reinjected about 
twenty minutes later. The results on the whole resemble those of experi- 
ment 2 but are more striking. There is a greater reduction in oxidations 
during hemorrhage. There is a greater accumulation of lactic acid during 
hemorrhage and a greater disappearance during recovery. The expiratory 
quotient rises to a higher lev! during hemorrhage and the increase in elimi- 
nation of non-oxidative caruvu dioxide on reinjection is considerably more 
abrupt. 

There is a distinct lack of correspondence between blood carbon dioxide 
capacity and blood lactic acid perhaps comparable to that noted by Barr, 
Himwich and Green (1923). The curves converge during hemorrhage ard 
diverge during recovery. During the initial period of hemorrhage the 
carbon dioxide capacity of the blood diminishes parallel with the increase 
in blood lactic acid but later the carbon dioxide capacity seems to increase 
if anything during the continued rapid appearance of lactic acid in the 
blood. Following reinjection the carbon dioxide capacity of the blood 
again diminishes though the lactic acid content of the blood also decreases. 
This lack of correspondence between the curves of blood carbon dioxide 
capacity and blood lactic acid has several possible explanations. In the 
first place the combination of only half of the lactic acid with carbonate 
should produce a convergence of the curves. A passage of base into the 
blood stream during impaired oxidation is another possibility. A varying 
amount of fixed acids other than lactic acid in the blood must also be con- 
sidered, and perhaps other chemical changes in the blood and tissues result 
in retention or elimination of carbon dioxide. 

Since oxidations are greatly reduced by hemorrhage and since the amount 
of lactic acid formed per unit of shortage of oxygen is relatively small the 
curve of energy production falls below normal. Also since oxygen ab- 
sorption fails to reach the initial prehemorrhage level on reinjection of 

blood and since our computation assumes absorption of energy by non- 
oxidative removal of lactic acid the curve of energy production remains 
below normal during the period of recovery as well. 


378 R. GESELL, H. KRUEGER, G. GORHAM AND T. BERNTHAL 


The accumulation of lactic acid during hemorrhage is large and the 
carbon dioxide equivalent correspondingly large. The elimination of non- 
oxidative carbon dioxide, however, is small. For the period of hemorrhage 
the carbon dioxide index is only 0.19. On the other hand for the combined 
period of hemorrhage and recovery the index is 0.93. Since it is highly 
improbable that 93 per cent of the lactic acid combines with bicarbonate 
some other explanation of the high carbon dioxide index must be sought. 
While we have assumed for purposes of computation that the true respira- 
tory quotient remains unchanged during the course of an acute experiment 
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Fig. 4. Experiment 4 


we have also suggested the other possibility. It is reasonable to believe 
that increased concentration of lactic acid, and of other reducing metabo- 
lites as well, must have some effect upon the oxidative processes as a whole. 
Assuming then that an accumulation of lactic acid tends towards a rela- 
tively greater oxidation of lactic acid we may picture an increased respira- 
tory quotient. Since lactic acid accumulates enormously we have as- 
sumed a maximum increase to unity. Using this value as a new basis 
of computation the elimination of non-oxidative carbon dioxide now 
diminishes. The carbon dioxide index falls from 0.19 to 0.07 during the 
period of hemorrhage and from 0.93 to 0.26 for the combined period of 
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hemorrhage and recovery. Thus all of the computations of the carbon 
dioxide index in the anoxemia and cyanide experiments would also be 
high. Another possible explanation of the high carbon dioxide index is 
the possible production of fixed acids other than lactic acid. This, how- 
ever, is not borne out by the carbon dioxide capacity curve. 

Experiment 4. At 35 minutes 23 seconds the dog was bled 180 cc. and 
the hemorrhage was maintained for a period of 36 minutes 32 seconds. 
During the initial prehemorrhage period blood pH, blood carbon dioxide 
capacity, and oxygen consumption remained nearly constant, carbon diox- 
ide elimination and blood lactic acid decrease indicating that the artificial 
ventilation was effective. The diminution of the expiratory quotient indi- 
cates that previously accumulated carbon dioxide is being washed out and 
that a new equilibrium is being established. The hemorrhage is relatively 
small. The reduction in gasesous exchange is also very small. The ex- 
piratory quotient rises accordingly at a very slow rate—from 0.80 to 0.84. 
During this period oxygen absorption remains virtually constant. Fol- 
lowing gas sample 5 oxygen absorption diminishes again, carbon dioxide 
elimination increases and the expiratory quotient rises above normal. 
The break in the curve of oxygen consumption during hemorrhage and the 
subnormal oxygen consumption following reinjection are clearly indicative 
of the harmful effects of the prolonged hemorrhage. Though there is a 
distinct overshooting of gaseous metabolism in the sense that oxygen con- 
sumption and carbon elimination fall to a lower level soon after the abrupt 
increase, the overshooting falls short of the initial normal level. The 
early rapid fall in oxygen consumption following reinjection gives way to a 
prolonged but slow improvement in oxidations. At gas sample 9 oxygen 
absorption is 390 cc. per kgm. hour and at gas sample 10 it is 401.5 ce. 
Carbon dioxide elimination, however, continues to diminish indicating that 
the accumulated carbon dioxide is disappearing by the processes of im- 
proved ventilation (produced by increased volume flow of blood) and non- 
oxidative removal of lactic acid. The expiratory quotient, however, fails 
to reach the initial values indicating that either the true respiratory quo- 
tient has been raised by the increased concentration of lactic acid or that 
the carbon dioxide that was liberated and retained in the body during 
hemorrhage continues to be eliminated over a long period of time. The 
curve of non-oxidative carbon dioxide certainly indicates that carbon 
dioxide is being retained during the period of hemorrhage. The carbon 
dioxide index for this period is only 0.15 and assuming that the true res- 
piratory quotient has risen the index is still lower. The sudden increase 
in elimination of non-oxidative carbon dioxide on reinjection despite the 
reduction in the lactic acid suggests that the transport of carbon dioxide 
has suddenly been improved. Despite the increased elimination of carbon 
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dioxide the carbon dioxide index for the combined period of hemorrhage 
and recovery is still very low, 0.29. 

Since the amount of lactic acid accumulated per unit shortage of oxygen 
is not very high the curve of total energy production falls during the course 
of hemorrhage and it fails to rise during recovery due to the subnormal 
rate of oxidations. 

The blood picture is on the whole in very good agreement particularly 
during hemorrhage. During recovery the slight changes in blood pH 
and blood lactic acid are in better agreement with each other than with the 
changes in blood carbon dioxide capacity. As was previously pointed out 
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Fig. 5. Experiment 5 


a convergence and divergence of the curves of blood lactic acid and blood 
sarbon dioxide capacity is not uncommon. 

Experiment 5. The results of this experiment differ in several ways from 
those of the preceding experiments. In the first place the blood lactic acid 
values at the outset are very low and continue to fall through the prehemor- 
rhage period up to hemorrhage. During the extended hemorrhage there 
is relatively little increase in blood lactic acid. There is a slight tendency 
toward improvement of the subnormal oxidations indicating that the 
hemorrhage is well tolerated. The rise in the expiratory quotient is small. 
On reinjection there is a very positive overshooting of gaseous exchange 
and oxygen absorption remains above normal almost up to gas sample 9. 
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Though reinjection is accompanied by an early fall in the expiratory quo- 
tient there is a subsequent rise. ‘The final expiratory quotient ends higher 
than the initial quotients before hemorrhage agreeing with the later rise 
in blood lactic acid. The elimination of non-oxidative carbon dioxide is 
again very low, much lower than in the other hemorrhage experiments 
For the period of hemorrhage the carbon dioxide index was only 0.10. 
For the period of hemorrhage and recovery it was 0.15. As in all of the 
hemorrhage experiments the amount of lactic acid liberated per unit of 
oxygen shortage was not very great. Consequently the total energy pro- 
duction during hemorrhage fell off but during recovery since oxidations 
were augmented the energy curve rises above normal (see table 5) compen- 
sating for the deficiency in energy production during hemorrhage. For the 
tabulated results of experiment 5 see table 1 of the cyanide series. 


SUMMARY 


. The effects of hemorrhage and reinjection on various factors relating to 
respiration were studied during continuous and constant artificial 
ventilation. 

Hemorrhages which decreased oxygen consumption and carbon dioxide 
elimination were followed by increased gaseous exchange on reinjection. 
A tendency towards overshooting of gaseous exchange on reinjection was 
present in all experiments. Absolute overshooting of the initial normal 
value obtained in only one experiment. The common absence of over- 
shooting was attributed to impairment of the oxidative mechanism of the 
tissue cells during hemorrhage. 

The relatively greater decrease in oxygen absorption as compared with 
carbon dioxide elimination during hemorrhage resulted in an increase of 
the expiratory quotient. This increase on the whole was less than that 
observed during impaired oxidations with lowered alveolar oxygen. 

Reinjection of blood decreased the expiratory quotient but never to 
subnormal levels. This differs from the effects of lowered alveolar oxygen 
but agrees more closely with the effects of intravenous injection of sodium 
cyanide. 

The impaired oxidations of hemorrhage were associated with accumu- 
lation of lactic acid in the blood. The greater the impairment of oxida- 
tions the greater the accumulation of lactic acid in the blood. The im- 
proved oxidations of reinjection were accompanied by a disappearance of 
lactic acid in the blood or by a slower accumulation. The amount of lac- 
tic acid accumulating in the blood per unit of oxygen shortage was less 
than in either of the two preceding series of experiments. 

The ratio of non-oxidative carbon dioxide eliminated to the carbon 


dioxide equivalent of lactic acid during hemorrhage was very much 
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smaller than during impaired oxidation from lowered alveolar oxygen. 
For the period of injection the proportion was larger. 

The small carbon dioxide index of hemorrhage was explained on the basis 
of acid accumulation in the tissues during hemorrhage and the subsequent 
large carbon dioxide index of reinjection was explained by the freer elimina- 
tion of this stored acid. 

The small increase in the expiratory quotient of hemorrhage and the 
small decrease with reinjection was similarly explained. 

Reasons are given for believing that the true or metabolic respiratory 
quotient of the tissues during the short periods of hemorrhage are con- 
stantly changing. This should hold for altered oxidations produced by 
other methods as well. 

The curves of carbon dioxide capacity (inverted curve) and lactic acid 
content of the blood were not always roughly parallel. The convergence 
of the curves during hemorrhage and divergence during reinjection agree 
with the partial reaction of lactic with bicarbonate. 

The relatively small accumulation of lactic acid in the blood per unit of 
oxygen shortage agrees with the suggestion that acid accumulates in the 
tissues during hemorrhage. 

This smaller accumulation of blood lactic acid per unit of oxygen short- 
age explains the decrease in total energy liberated during hemorrhage as 
indicated by the computed curves of energy dissipation. 

The accumulation of lactic acid in the tissues due to impaired removal 
probably prevents a continuous and rapid formation of lactic acid which 
in turn would limit this anaerobic source of energy. 
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That intravenous injection of sodium bicarbonate temporarily increases 
mean blood pressure and respiratory movements and that similar injection 
of sodium carbonate has opposite effects is a well known observation. 
That the diametrically opposite action is possibly attributable to opposite 
effects on the carbon dioxide pressure of the blood is now supported by 
experimental data (Gesell, 1923; Gesell and Hertzman, 1926; Gesell and 
McGinty, 1927). The present series of papers constitutes another effort 
at a closer analysis of the acid base disturbances associated with adminis- 
tration of sodium bicarbonate. For this purpose we have used the meth- 
ods of the preceding experiments. 

Resutts. Experiment 1. (See fig. 1 and for an example of a smoked 
record obtained with the continuous methods see fig. 5 of this paper, fig. 
96, Gesell, 1929, and fig. 1, Gesell, 1928.) Prior to injection of sodium 
bicarbonate the condition of the animal is relatively constant considering 
the initial low blood pressure. While oxygen consumption and mean blood 
pressure are slowly falling, blood pH, blood carbon dioxide capacity, blood 
lactic acid and carbon dioxide elimination are nearly constant. With the 
injection of molecular sodium bicarbonate beginning at 42 minutes 28 
seconds and lasting roughly five minutes, a number of chemical changes 
are initiated. First of all there is a sudden decrease in the hydrogen ion 
concentration of the blood from pH 7.03 to pH 7.34. This lowered hy- 
drogen ion concentration outlasts the period of injection and only at 102 
minutes 2 seconds does the blood begin to show a distinct change in the 


1 Preliminary report—Tu1s JouRNAL, 1929 xc, 360. 

? This investigation has been made with the assistance of a grant from the Com- 
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Philosophy. 


387 


= 


388 R. GESELL, H. KRUEGER, G. GORHAM AND T. BERNTHAL 


acid direction. At that point the blood, although more acid than normal, 
is still 0.24 pH more alkaline than the preadministration level. This 
alkaline change is accompanied by an increase in the carbon dioxide capac- 
ity of the blood from 27.6 volumes per cent to 61.3 volumes per cent. The 
carbon dioxide capacity then diminishes but at a relatively slow rate. The 
immediate effect of bicarbonate on blood lactic acid is a pronounced in- 
crease followed by a temporary decrease and a final increase. Decreasing 
oxygen consumption changes abruptly to increasing oxygen absorption 
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Fig. 1. Experiment 1 


from 224.2 ec. to 461.8 cc. per kgm. hour. The crest of the curve is sharp. 
The maximum rate is of short duration giving way to progressive reduction. 
Carbon dioxide elimination increases even more. It rises from 209 cc. to 
733.8 ec. per kgm. hour or about three and half times the preadministration 
rate. The expiratory quotient rises from 0.93 to 1.96 indicating a high 
output of non-oxidative carbon dioxide. The maximum carbon dioxide 
elimination is also of very short duration. Barring the temporary reduc- 
tion in mean blood pressure, the general effect is a well sustained elevation 
in pressure which falls again along a gradient parallel with the preadminis- 
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tration fall in pressure. The initial effects of bicarbonate on respiratory 
movements are similar to those on mean blood pressure. Glancing next 
at the curves of the carbon dioxide equivalent of lactic acid and non-oxida- 
tive carbon dioxide the high proportion of non-oxidative carbon dioxide 
isevident. For the period beginning with the injection of bicarbonate and 
ending with gas sample 8 the non-oxidative carbon dioxide is considerably 
greater than the computed carbon dioxide equivalent of the lactic acid 
which is formed. The carbon dioxide index is 1.65. Our premise is thus 
supported that there are several factors accounting for augmented elimina- 
tion of carbon dioxide following bicarbonate injection. 

The curve of energy production shows an increase from 1095 calories per 
kgm. hour to 2786, a value approximately two and one-half times the 
preadministration rate. This enormous increase in energy dissipation must 
be considered as one of the outstanding effects of intravenous injection of 
sodium bicarbonate. 

Experiment 2. (See table 1 of the hemorrhage series.) Two hundred 
cubic centimeters of molecular sodium bicarbonate were injected at 152 
minutes 1 second over a period of approximately five minutes. The 
previous history of the animal is 300 cc. saline injection at 0 minute, 260 
ec. hemorrhage at 54 minutes 5 seconds, 25 cc. reinjection at 58 minutes 
27 seconds and 245 cc. reinjection at 94 minutes 30 seconds. One-half 
hour after the saline injection the mean blood pressure is 140 mm. Hg. 
At gas sample 11 (the first in the graph) the pressure is down to 88 mm. 
Hg. ‘The corresponding figures for oxygen consumption (see table corre- 
sponding to experiment 1 in the hemorrhage series, p. 369) at the begin- 
ning of the experiment and at gas sample 11 are 451.8 cc. and 316.7 cc. per 
kgm. hour. Lactic acid increased from 37.6 mgm. to 78.1 per 100 cc. of 
blood. This general deterioration is seen in the gradient of the curves 
during the preadministration period (see graph corresponding to experi- 
ment 1 of the hemorrhage series, p. 366). Lactic acid is increasing, 
oxygen consumption and carbon dioxide elimination are decreasing, mean 
blood pressure is falling and blood pH is nearly constant. These condi- 
tions are suddenly changed by the injection of bicarbonate. The blood pH 
increases from 7.15 to 7.51. The carbon dioxide capacity of the blood in- 
creases from 22.6 volumes per cent to 74.1 volumes per cent. Oxygen con- 
sumption increases 44 per cent from 316.7 cc. to 457.2 ec. per kgm. hour. 
Carbon dioxide elimination increases 150 per cent from 270 cc. to 675.3 
ec. per kgm. hour. The respiratory quotient increases from 0.85 to 1.70 
at gas sample 12. These rapid changes last approximately through the 
period of injection and then are reversed but at a slower rate. The hy- 
drogen ion concentration of the blood increases at a very slow rate ending 
at a pH of 7.46. Oxygen consumption falls off more abruptly and event- 
ually reaches the preadministration value. Carbon dioxide elimination 
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decreases but remains above the rate of oxygen consumption. The curves 
of carbon dioxide elimination and oxygen absorption converge but at gas 
sample 16 the expiratory quotient is still above unity—1.14. Lactic acid 
increases—rapidly at first and more slowly towards the end. Respiratory 
movements are markedly stimulated during the period of higher elimina- 
tion of carbon dioxide after which they diminish progressively as the 
animal deteriorates. Comparable effects are seen on mean blood pressure. 
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Fig. 2. Experiment 2 


The carbon dioxide equivalent of lactic acid which accumulates follow- 
ing the injection of bicarbonate up to gas sample 16 is 116.5 ce. Non- 
oxidative carbon dioxide for the same period is 114.5 ce. Dividing the 
latter by the former another high carbon dioxide index is obtained indicat- 
ing that 98 per cent of the lactic acid formed combined with bicarbonate. 
The results of the preceding experiment are, therefore, supported. The 
same abrupt changes in energy production occurred as in experiment 1. 

Experiment 3. (See table 2 of the cyanide series.) Sodium bicarbonate 
was administered late in the experiment. The previous history is injection 
of sodium cyanide at 27 minutes 23 seconds and at 37 minutes 32 seconds. 
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The mean blood pressure at 0 minute was 115 mm. Hg and at 121 minutes 
when the bicarbonate was injected it was 76 mm. Hg. Oxygen consump- 
tion fell from 490.6 cc. to 316.9 ec. per kgm. hour. Carbon dioxide elimi- 
nation fell from 380.8 ec. to 292.5 ce. per kgm. hour. Lactic acid rose from 
27.8 mgm. to 67.6 mgm. per 100 cc. of blood and the expiratory quotient 
rose from 0.78 to 0.92. Injection was, therefore, administered to a dete- 
riorated animal. There was the usual decrease in hydrogen ion concentra- 
tion of blood accompanied by increased carbon dioxide capacity and 
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Fig. 3. Experiment 3 


lactic acid content of the blood. Oxygen consumption was increased but 
not to the rate of 490.6 cc. per kgm. hour which obtained at gas sample 
1 at the beginning of the experiment. Carbon dioxide eliminated 
at gas sample 12 exceeded the initial rate and the expiratory quotient rose 
to 1.49. From gas sample 12 to gas sample 14 the gaseous exchange de- 
clined with a drop in the expiratory quotient to 1.12. Gaseous exchange 
diminished still further between gas samples 14 and 15 but the expiratory 
quotient rose to 1.23. It will be seen that this rise is associated with a 


Wit % 
] 
10 220, leoo 
1a 
20 
$35 — 
701 
40 
co, 
1 50 us y 600 
° \ 500 
400 
391 7—~, 
Consume Tory \ 
CO, \ y, 
= 
1000 ; 
| 
| 
| 
| | 
| 
CO,~ OF LA 300 
CO, (MOM 
100 
T r co 
t 


SODIUM BICARBONATE AND RESPIRATION 


rapid accumulation of lactic acid. Although lactie acid accumu 

rapid rate after the injection of bicarbonate the consecutive cha 
concentration of lactic acid in the blood are of a similar kind as in the 

three experiments. This is best brought out by the curve of carbon 
equivalent of lactic acid. In experiment 1 after the initial lacti 
increase there is an actual decrease, then a period of constant concentra- 
tion, then a final period of increasing concentration. These same thre 
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jogs in the curve are seen in experiment 2 although here an absolute de- 
crease never occurs. There is only a relative decrease. Despite the more 
rapid increase in lactic acid in experiment 3 the three jogs are still clearly 
evident. In experiment 4 the lactic acid changes resemble more closely 
those of experiment 1. 

Although the total energy production is again enormously augmented in 
experiment 3 by injection of bicarbonate it fails to reach the level of dis- 
sipation at the beginning of the experiment. 
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Experiment 4 shows the results of two successive injections of sodium 
bicarbonate. While the effects of these injections are accumulative with 


Fig. 5 


respect to hydrogen ion concentration and lactic acid content of the blood 
they are not as additive with respect to gaseous exchange. The second 
injection to be sure increases the gaseous exchange but it does not raise 
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the general level as the first injection did. The high level of gaseous ex- 
change, however, is maintained. In that connection the general fall in 
blood pressure is of interest. The rapid post-injectional removal of lactic 
acid in both observations and the general similarity of the curves of car- 
bon dioxide equivalent of lactic acid removal are also of interest. The 
ratios of carbon dioxide equivalent of lactic acid to non-oxidative carbon 
dioxide are very high again, with the first injection the ratio is 1.64 and 
with the second the ratio is 1.12. Obviously there is some important source 
of carbon dioxide elimination other than the formation of lactic acid. 


TABLE 3 


Summary of acid base equilibrium 


EXPERIMENT 


4a 4b 5 6 


1 | CO,~ NaHCO; injected in ce. | 217.5 | 453.3 | 196.4 | 245.6 | 270.6 | 256.% 
per kgm. 
| Non-oxidative CO, in cc. per : 36.87 9 44 
kgm. 
CO.wL. A. in ec. per kgm. 
Per cent of L. A. effective in 
driving off CO, 
| Non-oxidative 
NaHCO; injected 
CO.wL. A./CO.~ NaHCO; 
injected 
CO, capacity of blood before 
injecting NaHCO; in vol. 
| per cent 
| CO, capacity of blood after 
injecting NaHCO; in vol. 
| per cent 
CO: capacity of increase in 
| vol. per cent 
CO: capacity increase expected 
| NaHCO; disappearing from 
the blood in vol. per cent 


The effects of both injections on respiratory movements are exception- 
ally striking. Before the first injection the animal was not quite apneic 
but very nearly so. Injection augmented the respiratory movements 
which reached their maximum at the peak of the curve of carbon dioxide 
elimination. Then the movements diminished and half way between gas 
samples 6 and 7 the animal was apneic. The second injection produced a 
second set of respiratory movements which were maximal at the height of 
carbon dioxide elimination. At 84 minutes the dog was apneic again. 
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The coincidence of similar changes in blood pressure and respiratory move- 
ment supports the view of a common chemical regulation of pulmonary 
ventilation and circulation. A record of the changes of respiratory move- 
ments associated with intravenous injection of sodium bicarbonate is seen 
in figure 5 which corresponds to the period between observation 25 and 33 
of table 3 of the following paper. The momentary augmentation asso- 
ciated with high carbon dioxide pressure of the expired air is quite obvious. 
So is the subsequent depression of respiratory movements below the pre- 
injection level which is a common finding. It is thus of interest to know 
the fate and distribution of the bicarbonate injected. While our data will 
not permit an exact analysis, inasmuch as the excretion of bicarbonate by 
the kidneys was not followed, the appended table 3 is nevertheless sugges- 
tive. Assuming an equal distribution of bicarbonate between the blood 
and tissues we have computed the expected increase in the blood (line 11) 
compared that with the observed increase (line 10) in six experiments. On 
the whole the results would indicate a relatively rapid movement of bicar- 
bonate from the blood stream suggesting that the late effect of intravenous 
injections of bicarbonate is not only an increased alkalinity of the blood 
but of the tissues as well. It would thus appear that the initial acid effect 
of bicarbonate may change to a later alkaline effect due to a migration of 
base. 

Discussion. While these experiments have brought out various effects 
of intravenous injection of sodium bicarbonate in a more quantitative way 
than our earlier experiments they still leave many of our queries open to 
speculation. 

A number of years ago Macleod and others (Macleod and Hoover, 1917; 
Macleod, 1918; Macleod and Knapp, 1918; Macleod, 1921; Anrep and 
Cannon, 1923) called attention to the increase in lactic acid of the blood 
associated with intravenous injection of sodium bicarbonate and the com- 
pensating acid effects on the blood of this migration of acid from the 
tissues. But what is the mechanism of this migration? Does it lead to 
depletion of lactic acid in the tissues or does the increase in lactic acid occur 
throughout the body? Does lactic acid migrate as undissociated acid or 
does it migrate as a result of ionic exchange between the blood and tissues? 
Is the increase in rate of oxidation due to increased cellular lactic acid or is 
it due to decreased hydrogen ion concentration in the cell or only at the 
cell membrane? 

It would seem that the nature of the migration of lactic acid is of funda- 
mental importance. If sodium bicarbonate does not enter the cell and if 
the increased alkalinity of the external environment causes increased libera- 
tion of cellular lactic acid then the interior of the cell might turn more 
acid. In that event oxidations might increase by virtue of the increased 
concentration of combustible material, if they were not in turn inhibited 
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by increased intracellular hydrogen ion concentration. Lactic acid might 
thus migrate from the tissues to the blood in the undissociated form. 

If on the other hand lactic acid migrates as a result of exchange of anions 
between the cell and its environment the chain of events may be very differ- 
ent. Let us imagine a diffusion of HCO’; ions from the blood into the 
tissues as a result of increased pressure of these ions in the blood and that 
these ions replace the lactate anion which then migrates from the cell to 
the external environment and into the blood. Since lactic acid is a stronger 
acid than carbonic acid this exchange is in favor of increased hydrogen ion 
concentration in the blood and decreased hydrogen ion concentration in 
the tissues. This exchange by itself would, therefore, have two effects on 
the cell—a depletion of lactic acid and a decrease in free hydrogen ions. 
But the lactic acid equilibrium in the cell may be immediately reéstablished 
by the formation of new lactic acid. In this connection we should recall 
the work of Meyerhoff showing that the concentration of lactic acid in 
muscle brei is augmented by a decrease in hydrogen ion concentration. A 
mechanism may, therefore, be at hand permitting replenishment of lactic 
acid which has left the cell. If to this complete replenishment of lactic 
acid we add the possibility of slow migration of sodium bicarbonate across 
the cell membrane with its subsequent neutralization by further formation 
of lactic acid a super accumulation of lactic acid would be explained. It 
should be remembered that each accumulation of lactic acid in the blood 
and immediate cell environment would lead to greater concentration of 
lactic acid in the cell by virtue of the back pressure exerted. This ob- 
viously contributes to increasing cellular acidity. The general increase 
in lactic acid in turn most probably contributes towards hyperoxidations 
with excessive formation of carbon dioxide. 

How all of these hypothetical factors might cancel out in the end effect 
on cellular acidity is speculative. More direct experiments are called 
for, but taking the changes step by step it is obvious that the first effect 
of displacement of the lactate anion by the HCO’; ion from the blood would 
decrease cellular acidity and increase blood acidity. The next replace- 
ment of the HCO’; anion in the cell by newly formed lactic acid should be 
an acid effect for the buffer base is now diminished and the free acid in- 
creased. The net result of the initial alkaline and the subsequent acid 
effect might thus be a very small change. Complete reaction of the slowly 
migrating sodium bicarbonate with newly formed intracellular lactie acid 
will lead to liberation of free intracellular carbonic acid and a slight in- 
crease in buffer base. The increased oxidations from super accumulation 
of lactic acid would contribute a final acid effect of increased free carbonic 
acid. Whether the increased oxidations are due to increased cellular lactic 
acid, to decreased cellular hydrogen ion concentration, to decreased hydro- 
gen ion concentration at the cell membrane, or to other causes remains to 
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be learned. The relatively even distribution of bicarbonate in the body 
as indicated by the late blood samples, however, suggests that the tissues 
eventually turn more alkaline than normal even though they initially 
appear to turn more acid than normal. 


SUMMARY 


The effects of intravenous injection of sodium bicarbonate were studied 
during administration of constant pulmonary ventilation. 

The results of earlier experiments on gaseous exchange were confirmed. 
There was an increase in carbon dioxide elimination and an increase in 
oxygen consumption. The increase in carbon dioxide elimination was out 
of proportion to the increase in oxygen consumption leading to a large but 
temporary increase in the expiratory quotient. 

Intravenous injection of bicarbonate produced a sudden decrease in 
hydrogen ion concentration of the blood which was followed by a slow 
return to normal values. The changes in the carbon dioxide capacity of 
the blood were closely related to the pH changes. 

The results of Macleod and others on the appearance of lactic acid in 
the blood were confirmed. With injection there is a rapid accumulation 
of lactic acid soon followed by a tendency to return to preinjection values. 

The carotid and femoral flow of blood was markedly increased. 

The elimination of non-oxidative carbon dioxide was found to exceed the 
carbon dioxide equivalent of the net accumulation of lactic acid. This 
was taken to suggest that higher concentrations of bicarbonate led to a 
more exclusive reaction between bicarbonate and the lactic acid which was 
formed. But since the ratio of non-oxidative carbon dioxide to the carbon 
dioxide equivalent of lactic acid exceeded unity it was concluded that other 
factors leading to increased carbon dioxide elimination were at work. 
These factors may be the formation of other fixed acids, the increased 
volume flow of blood, and the increased carbon dioxide pressure produced 
by the addition of bicarbonate to a bicarbonate buffer mixture. 

An outstanding result of intravenous injection of bicarbonate was the 
tremendous increase in the dissipation of energy. 

Mean blood pressure and pulmonary ventilation were at their highest 
at the highest elimination of carbon dioxide which supports the view of a 
common mechanism of control. 

Acid base exchange between blood and tissues is discussed. Whether 
the injection of bicarbonate leads to more than temporary increase in 
cellular acidity is left for another type of experimental analysis. The 
results, however, indicate that the late depression of respiratory move- 
ments is related to a late increase in the alkalinity of the tissues. 
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In the preceding paper we studied effects of intravenous injection of 
sodium bicarbonate. We now describe effects of intravenous injection of 
hydrochloric acid and administration of carbon dioxide in inspired air 
under similar experimental conditions. 

Resutts. The results of two injections are shown in experiment 1. 
The first injection of 225 ee. M/6 hydrochloric acid is equivalent to 38.45 
ec. of carbon dioxide per kilogram body weight and the second injection of 
325 cc. is equivalent to 55.5 ec. These equivalents are represented by the 
rectangular areas in the lower half of the graph. Preceding the first in- 
jection of hydrechloric acid it will be noticed that the hydrogen ion con- 
centration, the carbon dioxide capacity and the lactic acid content of the 
blood are decreasing along with decreasing output of carbon dioxide. 
These changes are attributed to the greater effectiveness of the artificial 
ventilation as compared with the preceding normallly controlled ventila- 
tion with the chest intact. For a clearer analysis of the results it is, there- 
fore, desirable to extend the preinjection gradients. 

During the first injection, the hydrogen ion concentration of the blood 
increases. Blood carbon dioxide capacity and the blood lactic acid de- 
crease. This decrease in blood lactic acid agrees with that noted by 
Anrep and Cannon on administration of carbon dioxide (1923-24). Oxy- 
gen consumption and energy production decrease and carbon dioxide 


1 Preliminary report, TH1s JouRNAL, 1929, xe, 360. 

2 This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association. 

3 Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 
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elimination increases. As a result of increased elimination of non-oxida- 
tive carbon dioxide, plotted in the lower half of the graph, the expiratory 
quotient rises from 0.86 to 1.27. 

During recovery, which begins at the end of the injection, there is first 
a relatively rapid decrease in the hydrogen ion concentration of the blood 
and then a more gradual decrease. Even so the blood becomes more 
alkaline than the initial value of pH 7.23. But it is more acid than the 
value immediately preceding injection. Thus if the preinjection gradient 
is extended the acid effect of hydrochloric acid is obvious. The changes 
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Fig. 1. Experiment 1 


in blood carbon dioxide capacity are similar to the changes in hydrogen 
ion concentration, a rapid increase followed by a relatively constant value. 
Oxygen consumption increases and total and non-oxidative carbon dioxide 
elimination diminish. Oxygen consumption not only increases but over- 
shoots the normal preadministration level. Then it slowly decreases but 
never quite reaches the preadministration level. Carbon dioxide elimina- 
tion also remains above the preadministration level. 

On the whole the effects of the second injection are very similar to those 
of the first injection. The blood becomes more acid and remains at a 
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higher acid level. Blood carbon dioxide capacity is reduced still more but 
shows a greater tendency to return to the preinjection level. Blood lactic 
acid changes are very small. Oxygen consumption diminishes during in- 
jection and increases during recovery. The overshooting is less than in 
the preceding injection. Non-oxidative carbon dioxide increases, but not 
as much as with the first injection. Energy production changes are in the 
same direction but of a smaller order. 

Comparison of the areas of non-oxidative carbon dioxide with the corre- 
sponding areas of the carbon dioxide equivalents of the hydrochloric acid 
injected indicates the proportion of hydrochloric acid reacting with bicar- 
bonate. In the first injection the non-oxidative carbon dioxide between 
gas samples 1 and 8 is 6.89 ec. per kgm. which is equal to 18 per cent of the 
carbon dioxide equivalent of the hydrochloric acid injected. From the 
second injection up to gas sample 16 the non-oxidative carbon dioxide is 
equal to 11.22 ec. per kgm. which is 20 per cent of the carbon dioxide 
equivalent of the second acid injection. In these determinations the effects 
of the lactic acid shift on absorption and liberation of carbon dioxide are 
not considered. To be sure the nature of this shift is not understood 
but assuming an equal disappearance of lactic acid in the blood and 
tissues and an equivalent formation of bicarbonate we find that with the 
first injection non-oxidative carbon dioxide is equal to twice the carbon 
dioxide equivalent of the hydrochloric acid injected. (Carbon dioxide 
equivalent of acid injected = 38.45 ce. per kgm. Carbon dioxide equiva- 
lent of lactic acid disappearing = 35 cc. per kgm. Non-oxidative carbon 
dioxide = 6.89 ec. perkgm. Therefore, 6.89 ec. + (38.45 ee. — 35.00 cc.) 
= 2.00). Obviously the assumptionis wrong. Perhaps lactic acid changes 
are of a different order or of opposite direction in blood «nd tissue. This 
remains to be determined by direct experiment. With the second injection 
the lactic acid changes are much less significant. 

By comparing the actual decrease in the blood carbon dioxide capacity 
resulting from injection of hydrochloric acid with the expected decrease, 
assuming equal distribution of hydrochloric acid between blood and tissues 
and similar reaction with bicarbonate and other buffers in the blood and 
tissues, it is found that the actual decrease is greater than the expected 
decrease. The tentative conclusion is that the distribution of acid is 
uneven. For example, with the first injection assuming an 18 per cent 
reaction between hydrochloric acid and bicarbonate throughout the body 
a 0.69 volume per cent decrease in carbon dioxide capacity of the blood is 
to be expected. The actual decrease obtained is 9.00 volumes per cent 
indicating that the concentration of hydrochloric acid appears to be 13 
times as great in the blood as in the tissues. With the second injection 
the concentration appears to be 5 times as great as in the tissues. It is of 
course realized that these computations may be subject to gross error, 
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but our results agree with the ammonium chloride experiments of Haldane 
(1921) in which he shows a greater concentration of the liberated hydro- 
chloric acid in the blood than in the tissues. 

In experiment 2 there were three injections. The carbon dioxide equiva- 
lent of the first injection of hydrochloric acid was 45.6 ce. per kgm., of the 
following injection of sodium bicarbonate 242. ec. per kgm. and of the 
second injection of hydrochloric acid 21.2 ee. per kgm. 

The beneficial effects of artificial ventilation are seen again during the 
preinjection period. The initial pH of the blood of this experiment is 
about 0.2 pH more alkaline at the outset than in experiment 1. Yet the 
effects of acid injection are more severe. Oxygen consumption is dimin- 
ished not only during injection but during the subsequent period as well. 
There is a short period of recovery which gives way to a rapid failure which 
is seen in the rate of oxygen consumption, in the diminution of carbon 
dioxide elimination, the fall of mean blood pressure and the rise in blood 
lactic acid. Theeffectsof this injection are of particular interest in showing 
both a fall and a rise in blood lactie acid with decreasing oxidations. There 
is the usual increase in the expiratory quotient and the tendency towards 
hyperoxidations is seen in the hump on the curve of oxygen consumption. 

The rapid collapse of the animal is suddenly reversed by injection of 
sodium bicarbonate. The usual effects of intravenous injection of bicar- 
bonate are seen. It is thus interesting to note the increasing lactic acid 
content of the blood which is associated with impaired oxidations after in- 
jection of hydrochloric acid suddenly augmented during a period of super- 
oxidations. Apparently rate of oxidations is not the only factor determin- 
ing lactic acid accumlation. Oxidations and mean blood pressure are 
well maintained. Lactic acid content of the blood reaches a fairly constant 
but higher level than before the injection of hydrochloric acid. This is 
associated with a relatively high pH. 

Though the blood is very alkaline and has a high carbon dioxide capac- 
ity the second and smaller injection of hydrochloric acid has far more 
serious effects. The circulatory failure is very abrupt. The severe re- 
duction of oxidations is accompanied by a very sharp increase in blood 
lactic acid. 

The ratio of non-oxidative carbon dioxide eliminated from the beginning 
of injection of hydrochloric acid to gas sample 5, which is 19.48 ec. per kgm., 
to the carbon dioxide equivalent of the acid injected (45.6 ec.) indicates 
that 23 per cent of the hydrochloric acid reacts with bicarbonate. On the 
other hand, if it is assumed that the disappearance of lactic acid yields 
equivalent base for reaction with carbon doxide the ratio becomes 19.48 to 
37.35 indicating that 52 per cent of the hydrochloric acid reacts with 
bicarbonate. For the more inclusive period from the injection of hydro- 
chloric acid to the injection of sodium bicarbonate there is no difference 
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in lactic acid content of the blood. The corresponding non-oxidative car- 
bon dioxide is 29.04 cc. which gives a 64 per cent effectiveness of hydro- 
chlorie acid in driving off carbon dioxide. 

From the injection of sodium bicarbonate to the injection of hydro- 
chloric acid 87.75 ec. per kgm. of non-oxidative carbon dioxide is elimi- 
nated. The source of this carbon dioxide has been discussed in the preceding 
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Fig. 2. Experiment 2 


paper. It suffices to say that this is equal to 36 per cent of the carbon 
dioxide equivalent of the injected bicarbonate. The amount of lactic acid 
formed as a result of administration of bicarbonate is 48.2 mgm. per kgm. 
or the equivalent of 1205 ce. The lactic acid formed is, therefore, equiva- 
lent to 52 per cent of the bicarbonate injected. 

With the last injection of hydrochloric acid it is impossible to arrive even 
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HYDROCHLORIC ACID, CARBON DIOXIDE AND RESPIRATION $11 
at an approximate ratio of the reaction of the hydrochloric acid with bicar- 
bonate due to the rapid formation of lactic acid which increases the non- 
oxidative carbon dioxide. The non-oxidative carbon dioxide for the period 
following injection up to gas sample 20 is 30 cc. which is greater than the 
carbon dioxide equivalent of the acid injection, namely, 21.2 cc. 

The amount of hydrochloric acid leaving the blood stream is again very 
small according to the method of computation employed. Assuming that 
64 per cent of the hydrochloric acid reacts with bicarbonate (this is a high 
figure) there should be a reduction of 2.92 volumes per cent in the carbon 
dioxide capacity of the blood with the first injection of acid. The actual 
reduction is 17.65 volumes per cent indicating that 6 times as much acid 
remained in the blood as might be expected with uniform distribution in 
the body. 

This may be compared with the movement of bicarbonate from the 
blood stream following bicarbonate injection. The increase in carbon 
dioxide capacity expected from injection on the basis of uniform distribu- 
tion is 24.2 volumes per cent and that obtained is 26.50. When the neutral- 
izing effects of lactic acid and the excretion of bicarbonate of the kidneys is 
considered, however, the difference would increase. Yet it appears that 
the movement of base from the blood is freer than the movement of hydro- 
chloric acid. 

By adding the CO, equivalent of the injected bicarbonate 24.2 volumes 
per cent to the original carbon dioxide capacity of the blood 57.0 volumes 
per cent we get a total of 81.2 volumes per cent. At gas sample 20 the car- 
bon dioxide capacity of the blood is 48.25 volumes per cent indicating a dis- 
appearance of 32.95 volumes per cent. It is interesting to note that the 
CO, equivalent of the two injections of hydrochloric acid and of the lactic 
acid formed is very nearly the same. (First injection of HCl — 45.6 volumes 
per cent plus second injection of hydrochloric acid — 2.12 volumes per cent 
plus lactic acid increase — 26.05 volumes per cent = 32.73-volumes per cent. 
This does not of course mean that there has been complete reaction be- 
tween bicarbonate and acid. Undoubtedly a considerable amount of base 
has been excreted by the kidneys. At least that would be in agreement 
our other figures on the ratio of non-oxidative carbon dioxide to the car- 
bon dioxide equivalent of the acid concerned. 

In experiment 3 effects of four injections are shown, two of hydrochloric 
acid, one of sodium bicarbonate and one of isotonic saline solution. ‘The 
carbon dioxide equivalent of each of the injections of hydrochloric acid is 
3.61 volumes per cent and of the bicarbonate injection 14.45 volumes per 
cent. 

The usual effects of acid injection on the hydrogen ion concentration 
of the blood and on the carbon dioxide capacity of the blood are evident. 
The initial effect of the first injection of hydrochloric acid is a reduction 
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in the lactic acid content of the blood from approximately 42 mgm. per 
100 ec. to 34 mgm. This is followed by an increase back to the initial 
value. The general improvement produced by saline injection is asso- 
ciated with a second drop to32mgm. This low value then rises to 57 mgm. 
following injection of sodium bicarbonate. The final injection of acid has 
the same effects of the first—an initial decrease in lactic acid followed by an 
increase. The effects of injection of acid and of base on carbon dioxide 


95 


50 50) — Lactic ACID 
tas 


PrOOUcTION 


Fig. 3. Experiment 3 


elimination are similar to those already described and are associated with 
the usual increase in the expiratory quotient. The effects of acid injection 
on oxygen consumption are somewhat different. While the first injection 
is associated with a decrease, the decrease is very small and with the second 
injection there is a slight increase. Even though the increased oxygen 
consumption may be explained by the augmentation of pulmonary venti- 
lation the results suggest that in this experiment at least oxidations of the 
resting tissue were impaired very little by either injection of acid. 
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Assuming that hydrochloric acid is the only fixed acid combining with 
bicarbonate the reaction is 40 per cent complete for the period beginning 
with the injection of hydrochloric acid and ending with the injection of 
saline solution. (Non-oxidative carbon dioxide = 14.47 ce ; the carbon 
dioxide equivalent of the hydrochloric acid = 36.1 cc.) The completeness 
of reaction of the combined acids (hydrochloric acid 36.1 ce. plus the in- 
crease in lactic acid 4.75 ec.) is 35 per cent. The decrease in the carbon 
dioxide capacity resulting from the injection of acid is 13.25 volumes per 
cent which is over three times as great as the expected reduction (4.08 
volumes per cent) assuming equal distribution of acid between the blood and 
tissues. From saline injection to the injection of bicarbonate there is an 
observed increase in blood carbon dioxide capacity of 2.25 volumes per cent 
accompanied by a decrease in the lactic acid content of the blood equiva- 
lent to 3.2 volumes per cent. Assuming that the disappearance of lactic acid 
gives rise to an equivalent formation of bicarbonate the expected decrease in 
carbon dioxide capacity of the blood from the injection of hydrochloric 
acid up to the moment just prior to injection of bicarbonate would be only 
0.88 volume per cent. The observed decrease is 11 volumes per cent. 
A large proportion of the hydrochloric acid, therefore, appears to be in the 
blood. 

From the injection of sodium bicarbonate up to the second injection of 
hydrochloric acid 45.99 cc. per kgm. of non-oxidative carbon dioxide are 
eliminated. This is equal to 32 per cent of the carbon dioxide equivalent 
of the bicarbonate injected (144.5 ce. perkgm.). The lactie acid produced 
as a result of the injection is equivalent to 64.75 cc. per kgm. of 45 per cent 
of the carbon dioxide equivalent of the bicarbonate. The carbon dioxide 
capacity of the blood before administration of bicarbonate is 31 volumes 
per cent and after administration 59.75 volumes per cent giving an increase 
of 18.75 volumes per cent. The expected increase was 14.45 volumes per 
cent. The effectiveness of lactic acid to combine with bicarbonate as 
represented by the ratio of the increase in lactic acid in terms of carbon 
dioxide equivalent (64.75 cc.) to the non-oxidative carbon dioxide (45.99 
cc.) equals 144 percent. A partial explanation of this high ratio has been 
attempted in the preceding paper. 

The period of observation following the second injection is rather short 
for purposes of computation but if we are willing to risk a comparison it 
appears that the percentage of hydrochloric acid combining with bicar- 
bonate after bicarbonate injection is greater than before. With the first 
injection the carbon dioxide index was 0.35 and with the second injection 
it was 0.79. The amount of bicarbonate present apparently determines 
how much will compete with the other buffers for acid. This factor pre- 
sumably contributes to the high carbon dioxide index of lactic acid which 
is produced by the injection of sodium bicarbonate. 
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In experiment 4 there are two injections, one of sodium bicarbonate 
equivalent to 224.00 cc. of carbon dioxide per kgm. and the second of 
hydrochloric acid equivalent to 56 ce. of carbon dioxide per kgm. The 
non-oxidative carbon dioxide eliminated from the moment of injection of 
the bicarbonate to the beginning of injection of hydrochloric acid equals 
74.64 cc. per kgm or 33 per cent of the carbon dioxide equivalent of the 
bicarbonate injected. The increase in lactic acid for the same period is 
equivalent to 80 cc. of carbon dioxide or 36 per cent of the carbon dioxide 
equivalent of the bicarbonate. The carbon dioxide index (74.64 over 
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Fig. 4. Experiment 4 


80.00) is 0.93 agreeing with the high figures usually obtained with bicar- 
bonate injection. The carbon dioxide capacity of the blood before bicar- 
bonate injection was 50.65 volumes per cent and after injection 75.75 
volumes per cent giving an increase of 25.10 volumes per cent. The 
expected increase assuming equal distribution and no excretion is 24.40 
volumes per cent. 

The non-oxidative carbon dioxide from the beginning of injection of 
hydrochloric acid to gas sample 16 was 72.19 cc. per kgm. Since the 
equivalent of the hydrochloric acid was 56 ce. per kgm. the effectiveness 
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of the hydrochloric acid to combine with bicarbonate base is 72.19 over 
56.00 129 per cent. But taking into account the accumulation of lactic 
acid which is equivalent to 20 cc. per kgm. the carbon dioxide index be- 
comes 72.19 over 56.00 + 20.00 which is equal to 0.95. This is an ex- 
ceptionally high figure and upholds the view that the amount of bicar- 
bonate present determines the amount which will react with acid whether 
the acid be formed in the body or administered from without. The car- 
bon dioxide capacity of the blood immediately preceding the injection of 
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Fig. 5. Experiment 5 
hydrochloric acid was 75.75 volume per cent and after injection at gas 
sample 16 it was 45.51 volume per cent. The decrease was 30.24 volume 
per cent as compared with a net decrease expected from hydrochloric and 
lactic acid of 5.60 + 2.00 = 7.6 volume per cent. Therefore, approxi- 
mately four times as much acid stayed in the blood as was to be expected 
assuming even distribution of acid. 

In experiment 5 the administration of carbon dioxide is substituted for 
the injection of hydrochloric acid. The first administration consisted of 
a 11.46 per cent carbon dioxide mixture in 21.40 per cent oxygen and the 
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second administration of a 19.22 per cent carbon dioxide mixture in 27.12 
per cent oxygen. The results in many respects were similar to those 
produced by injection of hydrochloric acid. There was a marked reduc- 
tion in oxidations with both administrations. Despite the higher oxygen 
pressure in the second mixture, oxidations are depressed the most. Ob- 
viously acidity is an important factor controlling oxidations. The results 
of administration of hydrochloric acid and carbon dioxide thus confirm 
findings of others on the depressant action of increased hydrogen ion con- 
centration on oxidations in numerous forms of life. During the early 
period of administration elimination of carbon dioxide is replaced by a 
very rapid absorption which in a few minutes gives way to slower absorp- 
tion as the blood and tissues approach saturation. At gas sample 3 carbon 
dioxide is again eliminated but at a subnormal rate. The expiratory 
quotient has risen to 0.38 indicating that retention of carbon dioxide 
formed in the body has replaced absorption from without. On read- 
ministration of room air after the first administration of carbon dioxide 
there is a sudden outpouring of carbon dioxide and a temporary but 
pronounced overshooting of oxygen absorption. After the second re- 
administration of room air there is only a tendency towards overshooting. 
Oxygen consumption remains well below normal. Contrary to our experi- 
ments with hydrochloric acid and to the experiments of Anrep and Cannon 
with carbon dioxide, blood lactic acid failed to diminish. Instead, in this 
particular experiment, there is a rather rapid accumulation of lactic acid. 
These results agree with those of Swingle, Wenner and Stanley (1928) in 
which they administer carbon dioxide to the unanesthetized parathyroid- 
ectomized dog. Apparently the inhibitive action which carbon dioxide 
has on the accumulation of lactic acid is insufficient to cope with the aug- 
menting effects of impaired oxidations. The increase in blood lactic acid 
agrees roughly with the decrease in blood carbon dioxide capacity. For 
the tabulated results of Experiment 5 see table 3 of the cyanide series. 
To get further information on the mechanism of accumulation of lactic 
acid six experiments were done in which carbon dioxide was administered 
along with the intravenous injection of sodium bicarbonate. These ad- 
ministrations were so controlled as to keep the blood slightly more acid 
than normal. This was possible with the use of the continuous method 
of recording blood acidity changes with the manganese dioxide electrode. 
Experiment 6 (see table 5 of this series) shows effects of two adminis- 
trations of carbon dioxide (11.42 per cent in a 21.08 per cent oxygen 
mixture) once by itself and once with simultaneous injection of sodium 
bicarbonate. Consulting figure 6 which gives the pH curve as established 
with the quinhydrone electrode it will be seen that the first administration 
yas accompanied by a relatively large increase in hydrogen ion concentration 
of the blood of 0.21 pH, whereas the second administration was accom- 
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panied by an increased acidity of approximately 0.02 to 0.03 pH. Oxida- 
tions were reduced with both administrations suggesting that the tissues 
as well as the blood turned acid in both instances. During the first ad- 
ministration of carbon dioxide blood lactic acid showed the common 
tendency to diminish, whereas with the second administration it showed a 
distinct increase. It would thus appear that neither rate of oxidation nor 
blood and tissue acidity were the primary determining factors controlling 
the lactic acid equilibrium under these particular conditions. The results 
seem to support the view expressed in the preceding paper suggesting an 
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Fig. 6. Experiment 6 


interchange of bicarbonate and lactate anions across the cell membrane. 
The absence of further increase in lactic acid with the sudden decrease in 
blood alkalinity from 7.22 to 7.51 on readministration of room air is also 
interesting in this connection. Two other experiments give the same 
support but in the remaining three experiments the evidence is not so 
strong. The increase in blood lactic acid is very small. 

It is interesting to note that subnormal oxidations during the adminis- 
tration of hydrochloric acid and of carbon dioxide may be followed by 
hyperoxidations on readministration of room air just as impaired oxidations 
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are followed by overshooting in the low oxygen, cyanide, and hemorrhage 
experiments. This hyperoxidation thus appears to be a compensatory 
reaction making up for impaired energy production of the preceding period. 
In the low oxygen, cyanide and hemorrhage experiments the hyperaccumu- 
lation of lactic acid consumed at an accelerated rate during recovery 
sufficed to explain the overshooting but in the acid experiments where 
lactic acid is reduced in amount (at least in the blood) this explanation 
does not hold. Possibly other reducing substances are formed in greater 
amounts. In this connection it is recalled that the production of reducing 
metabolites was demonstrated not only in low oxygen, cyanide and hemor- 
rhage experiments but in experiments in carbon dioxide administration as 
well. On administration of carbon dioxide the manganese dioxide elec- 
trode placed in the 4th ventricle of the brain frequently gave an ‘‘alkaline”’ 
change in potential, indicating accumulation of reducing metabolites 
in the cerebrospinal fluid (Gesell and Hertzman, 1928). 

These striking changes in oxidation reduction potential naturally suggest 
a regulative mechanism which conceivably contributes to the net regula- 
tion of respiration. In attempting to relate respiratory movements in this 
series of experiments to oxidations, however, the results so far are not very 
conclusive. In experiment 1 both injections produced subnormal oxida- 
tions followed by overshooting. With the first injection apnea is inter- 
rupted and respiratory movements extend slightly into the period of hyper- 
oxidation. With the second injection apnea is again interrupted but in 
this instance hyperpnea extends through the period of hyperoxidation. 
In experiment 2 apnea was well established. There were only 4 breaths 
during the injection of hydrochloric acid and none following the injection 
of bicarbonate. The second injection which was fatal elicited hyperpnea. 
In experiment 3 the first injection of hydrochloric acid reduced oxidations 
slightly; the second injection increased them. Before the first injection 
of hydrochloric acid the dog was hyperpneic. This was increased and main- 
tained for about five minutes following the end of injection. Sodium 
bicarbonate produced the usual momentary augmentation which then gave 
way to respiratory movements of smaller magnitude than those preceding 
bicarbonate injection agreeing with the results of the preceding paper. 
There was very definite stimulation during and following the second in- 
jection of hydrochloric acid. In experiment 4 bicarbonate injection mo- 
mentarily excited respiratory movements which then subsided to a sub- 
preinjection magnitude. Hydrochloric acid then stimulated respiratory 
movements which remained augmented. In experiment 5 the animal 
was markedly hyperpneic to begin with and neither administration of car- 
bon dioxide produced an obvious effect upon the respiratory movements. 
In experiment 6 respiratory movements increased with both administra- 
tions, more obviously with the first, but this may be due to the fact that 
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hyperpnea was more marked before the second carbon dioxide adminis- 
tration. The experiments seem to indicate that the effects of acidity are 
more predominant than effects of changing oxidation yet the results are 
not decisive. It is proposed to study, with more precise procedure, the 
relation of hyperventilation to impaired oxidations as produced by limita- 
tion of oxygen and by limitation of oxidation by the administration of acid 


SUMMARY 


The effects of administration of hydrochloric acid, carbon dioxide, 
sodium bicarbonate and the simultaneous administration of bicarbonate 
and carbon dioxide were studied under experimental conditions similar to 
the preceding experiments. 

Intravenous injection of hydrochloric acid increased the hydrogen ion 
concentration of the blood, decreased the blood carbon dioxide capacity 
and blood lactic acid. It increased the elimination of carbon dioxide and 
decreased the absorption of oxygen. With recovery the hydrogen ion con- 
centration and the carbon dioxide capacity of the blood tended to ap- 
proach but never reached pre-injection levels. Oxygen absorption ap- 
proached and sometimes overshot preinjection values. Carbon dioxide 
elimination slowly approached normal levels. When oxidations were 
sufficiently reduced the decreasing lactic acid of the blood gave way te 
rapidly increasing lactic acid during acid injection. 

The ratio of non-oxidative carbon dioxide to the carbon dioxide equiva- 
lent of the acid injected indicated that approximately 18 to 93 per cent 
of the acid injected may react with bicarbonate. Animals with previous 
administration of sodium bicarbonate showed the higher carbon dioxide 
index. It was concluded that an increase in bicarbonate content of the 
body leads to an increase in amount of bicarbonate reacting with the in- 
jected acid. 

Computations are presented indicating that hydrochloric acid did not 
distribute evenly between blood and tissues; that the blood contained from 
4 to 6 times as much as demanded by even distribution. This differs 
from the more uniform distribution of sodium bicarbonate. 

The administration of carbon dioxide in 21+ per cent O2 mixtures de- 
creased oxidations and commonly decreased blood lactic acid. 

Since blood lactic acid may decrease on acid injection though oxidations 
decrease and since blood lactic acid always increases on intravenous in- 


jection of sodium bicarbonate though oxidations are markedly increased, 
it is obvious that there are several factors determining lactic acid 
equilibrium. 

When bicarbonate and carbon dioxide were simultaneously administered 
in proportions to keep the blood about 0.02 pH more acid than normal, 
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blood lactic acid increased decidedly in three experiments. In three other 
experiments the increase was very small. 

It is suggested that the increase in blood lactic acid under these condi- 
tions may be due in part to an increase in the HCO; ions which cross the 
cell membrane to exchange places with the lactate ions which in turn enter 
the blood. 

Since stimulation of respiratory movements by intravenous injection of 
sodium bicarbonate may sooner or later give way to a sub-preinjection 
magnitude it is suggested that sodium bicarbonate also crosses the mem- 
brane. This agrees with our findings that sodium bicarbonate distributes 
itself with relative uniformity between the blood and tissues. 

The relation of respiratory movements to oxidations and acidity is 
further discussed. 
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THE REGULATION OF RESPIRATION 


A Srupy OF THE GORRELATION OF NUMEROUS FacTorRs IN RESPIRATORY 
CONTROL PRopUCED BY INTRAVENOUS INJECTION OF AMMONIUM CHLO- 
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The ingestion of ammonium chloride in man is rapidly followed by a 
reduction in the carbon dioxide content of the blood, an increase in the 
hydrogen ion concentration of the blood, a decrease in alveolar carbon 
dioxide pressure, an increase in pulmonary ventilation and a feeling of air 
hunger on exertion (Haldane, 1921; Koehler, 1927). It seemed desirable 
to compare ammonium chloride acidosis with the acid base disturbances 
described in the preceding papers. Accordingly the effects of intravenous 
injection of ammonium chloride were studied under experimental con- 
ditions employed throughout this series. 

Results of three of these experiments are shown in figures 1, 2 and 3 and 
tables 1,2 and 3. It is apparent that we have obtained a similar increase 
in the hydrogen ion concentration of the blood and a similar decrease in 
the blood carbon dioxide capacity as occurs in man. The changes in 
alveolar carbon dioxide pressure are somewh&t different but two important 
differences in experimental procedure might easily account for this. In the 
first place ammonium chloride was undoubtedly administered more rapidly 
than the rate of absorption from the gastro-intestinal tract in man, and 
secondly, pulmonary ventilation was held at a constant volume. In the 
first two experiments, in which ammonium chloride was injected more 
rapidly than in the third experiment, there was first a momentary aug- 
mentation of oxygen absorption and carbon dioxide elimination, then a 
temporary depression to subnormal levels followed again by a supernormal 
gaseous exchange which eventually returned toward normal. The 
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significance of these changes which invariably followed the more rapid 
injections is not entirely clear. It will be seen that they parallel ‘rather 
closely the changes in mean blood pressure which are in turn associated 
with similar changes in the volume flow of blood through the carotid artery. 
The magnitude of the respiratory movements as a rule varied roughly 
with the magnitude of the gaseous exchange. The marked depression of 
respiratory movements during the period of impaired oxidation stands in 
contrast to augmented ventilation during impaired oxidations of hemor- 
rhage, lowered alveolar oxygen and cyanide administration. In experiment 
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Fig. 1. Experiment 1 


3 in which ammonium chloride was administered more slowly the initial 
augmentation of gaseous exchange was missing and the secondary aug- 
mentation was relatively small. 

The immediate effects of ammonium chloride on blood lactic acid 
are uncertain. In some experiments there was a minor decrease and in 
others an increase. In this respect the results differ from the more 
constant effects of administration of carbon dioxide and hydrochloric 
acid of the preceding experiments. A late increase in blood lactic acid 
beginning with the increase in oxidations was more common. This occurred 
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in six out of seven experiments. In experiment 3 in which ammonium 
chloride was injected more slowly than in the other experiments there 
was a net reduction in blood lactic acid. The amount of lactic acid 
formed per unit of oxygen shortage per kilogram of body weight was 
as a rule relatively small as indicated by the curve of energy production. 
Decreased oxidations were always associated with a decrease in total 
energy production. 
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Fig. 2. Experiment 2 


According to Haldane the acidosis produced by the ingestion of am- 
monium chloride is associated with an elimination of the ammonia radicle 
in the form of urea and a corresponding liberation of free hydrochloric 
acid which then reacts with the buffers of the body. From his experi- 
ments he concluded that the hydrochloric acid so derived was about twice 
as concentrated in the blood as in the soft tissues. Our experiments 
show a similar uneven distribution of hydrochloric acid. In experiment 1 
the carbon dioxide equivalent of the ammonium chloride injected was 43.40 
ec. per kilogram of body weight. The carbon dioxide capacity of the blood 
immediately preceding injection was 47.00 volumes per cent and the carbon 
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dioxide capacity at gas sample 12 was 34.29 volumes per cent which gives 
an observed decrease of 12.71 volumes per cent. Assuming that all of the 
hydrochloric acid bound with ammonia is liberated and that all of the 
lactic acid which is formed in the body reacts with bicarbonate the net 
expected increase is 4.34 + 4.80 or 9.14 volumes per cent leaving 3.57 
volumes per cent unaccounted for. Accepting Salkowski’s finding (1878) 
that two-thirds of the ammonium chloride injected is eliminated as such, 
the difference between the observed (12.71 volumes per cent) and the 
expected (6.23 volumes per cent) is greater—namely, 6.48 volumes per 
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Fig. 3. Experiment 3 


cent. The hydrochloric acid derived from the ammonium chloride is 
accordingly about twice as concentrated in the blood as in the tissues. 
These results agree with our earlier findings on the uneven distribution of 
intravenously administered hydrochloric acid between the blood and 
tissues. In experiment 2 the carbon dioxide capacity of the blood before 
injection of ammonium chloride was 41.75 volumes per cent and at gas 
sample 11 it was 34.73 volumes per cent giving an observed decrease of 
7.02 volumes per cent. The decrease expected from complete liberation 
of hydrochloric acid and complete reaction with bicarbonate was 5.04 
volumes per cent and from complete reaction of lactic acid with bicar- 
bonate was 1.65 volumes per cent or a net decrease of 6.69 volumes per 
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cent. Again assuming a liberation of only one-third of the bound hydro- 
chloric acid the expected decrease was only 1.66 + 1.65 or 3.31 volumes 
per cent. 

If we are to assume that the changes in tissue acidity run parallel with 
the changes in blood acidity following injection of ammonium chloride 
there is a lack of correspondence between tissue acidity and pulmonary 
ventilation for it will be recalled that decreased respiratory movements 
prevail shortly after the initial increase and during the height of acidity 
of the blood. Possibly the ammonia radicle is entering the tissues leaving 
hydrochloric acid behind which theoretically might account for the tem- 


60 


1 
@00 
600 
700 


400 
$00 
340 
Net 
a 200 
00 
Ce Biwe S7CC Bive 
eneecy PeopucTion 
cd j 
} 
1000 200 
+ OF LA 
¢ OXIDATWE) 
= + 
| 
4 
+100 


Fig. 4. Experiment 4 


porary depression of respiratory movements by a decrease in acidity of 
the respiratory center. The peculiar irregular type of respiratory move- 
ments, however, suggests that the ammonia radicle exerts a specific action. 
It is thus possible that this specific action also prevents the inverse relation 
between rate of oxidations and pulmonary ventilation as obtains with 
lowered alveolar oxygen. 

METHYLENE BLUE. From the work of Heymans and others it is now 
generally known that methylene blue is a powerful excitor of cellular 
oxidations and that intravenous injection produces a profound increase in 
oxygen consumption, carbon dioxide elimination, body temperature and 
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pulmonary ventilation. The effects of severe injections studied by 
methods of the preceding papers are shown in the graphs and table 
experiments 1, 2, 3, 4 and 5. 

Changes common to most of the sublethal injections were an increase in 
the hydrogen ion concentration of the blood usually followed by a return 
towards normal, an increase in oxygen absorption and carbon dioxide 
elimination followed by recovery, a temporary increase in mean blood 
pressure associated with a parallel augmentation of volume flow of blood 
and respiratory movements. The effects of intravenous injection of 
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Fig. 5. Experiment 5 


methylene blue on blood lactic acid were somewhat variable. A late 
decrease always occurred but this was frequently preceded by an initial 
increase of varying proportions. Whether this initial increase is to be 
looked upon as a temporary change in metabolism or as an increased 
movement of lactic acid from the tissues permitted by a change in mem- 
brane permeability is difficult to say. The late decrease in blood lactic 
acid possibly represents a metabolic removal of lactic acid in the cells. 
If this removal were brought about solely by increased oxidations an 
approximation of the expiratory quotient towards 1 might be expected 
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If the removal is primarily non-oxidative, a decrease in the expiratory 
quotient is to be expected but inspection shows, with only one exception, 
that only minor changes occurred. Only in the last observation of figure 
5 in which a lethal injection of methylene blue was administered was there a 
distinct change. The increase in this instance can most probably be at- 
tributed to the rapid formation of lactic acid associated with impaired 
oxidations. It will be noted that the changes in blood lactic acid and 
blood carbon dioxide capacity are by no means parallel. 
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Fig. 6. Experiment 6 


Since the increased acidity of the blood can be referred to the increased 
formation of carbon dioxide in the tissues, increased pulmonary ventilation 
is undoubtedly associated with both increased tissue acidity and increased 
tissue oxidations. 

STRYCHNINE. Experiment 6 shows effects of intravenous injection of 
1 mgm. of strychnine. The usual augmentation of respiratory movements 
occurred. These were associated with a marked increase in the hydrogen 
ion concentration of the blood followed by a partial recovery. There 
was a marked outpouring of lactic acid from the tissues followed by slower 
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resorption. The changes in blood carbon dioxide capacity of the blood 
ran parallel with those of blood lactic acid. Both carbon dioxide elimina- 
tion and oxygen consumption showed a temporary increase associated 
with a rise in the expiratory quotient from 0.82 to 0.95 followed by a later 
decline to 0.92. This increase in the expiratory quotient is attributed 
primarily to the rapid formation of lactic acid. During the liberation of 
lactic acid the elimination of non-oxidative carbon dioxide is very small 
indicating that only 14.69 per cent of the lactic acid reacted with bicar- 
bonate but during the more inclusive period from the beginning of injection 
up to gas sample 14 the carbon dioxide index mounts to approximately 
0.30. The rapid rate of lactic acid production added to the increased 
oxygen consumption explains the marked increase in energy production. 
In view of the increased formation of carbon dioxide and lactic acid it is 
reasonable to assume that the tissues as well as the blood turned more acid 
during the period of augmented respiratory movements. 

Soprium suLpHipE. Haggard (1921) and Haggard sad Henderson 
(1922) have called attention to the strong stimulating action of intraven- 
ously injected sodium sulphide. According to Haggard, hydrogen sulphide 
is liberated in the blood stream and is responsible for the effects. After 
oxidation of the liberated hydrogen sulphide, which is rapid, stimulation 
ceases. Presumably the excitation, which Nack and Wulp (1929) have 
demonstrated to be of central origin, is referable to the reducing properties 
of hydrogen sulphide. Until further experiments are performed no 
comments will be made on the graph of experiment 6. 


SUMMARY 


The effects of intravenous injection of ammonium chloride, methylene 
blue, strychnine and sodium sulphide are briefly described. 

Intravenous injection of ammonium chloride increased the hydrogen 
ion concentration and decreased the carbon dioxide capacity of the blood. 
The initial efiects on blood lactic acid were variable, the late effects were 
mostly an increase. The rate of gaseous exchange first increased, then 
decreased, then increased and returned towards normal. The changes in 
the expiratory quotient were of a minor order. The changes in magni- 
tude of gaseous exchange were associated with similar variations in ampli- 
tude of respiratory movements. 

Intravenous injection of methylene blue temporarily increased the 
hydrogen ion concentration of the blood and augmented gaseous exchange. 
A late decrease in blood lactic acid was frequently preceded by an initial 
increase. Despite these variations in blood lactic acid the changes in the 
expiratory quotient were small. The increase and decrease in hydrogen 
ion concentration and gaseous exchange were accompanied by parallel 
changes in volume flow of blood and respiratory movements. 
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Intravenous injection of strychnine increased the gaseous exchange, the 
blood lactic acid content and the hydrogen ion concentration of the blood. 
The blood carbon dioxide capacity was reduced and the expiratory quotient 
noticeably increased by the elimination of non-oxidative carbon dioxide. 
The increase in lactic acid liberated plus the increase in oxygen consumed 
resulted in a marked increase in the dissipation of energy. The metabolic 
changes produced by strychnine were accompanied by increased respiratory 
movements. 

GENERAL REMARKS. Under the conditions of constant artificial ven- 
tilation supplied in this series of experiments it is reasonably certain that 
the increased respiratory movements accompanying lowered alveolar 
oxygen, cyanide injection, hemorrhage, the administration of methylene 
blue and strychnine are associated with increased cellular acidity through- 
out the body. However, it cannot be concluded from these experiments 
that increased acidity of the respiratory center would occur if the animal 
were allowed to control its ventilation, thereby lowering alveolar carbon 
dioxide pressure and augmenting elimination of carbon dioxide. Crucial 
experiments are still needed on this point. Experiments now in progress 
(Gesell, Brassfield, Krueger, Nicholson and Pelecovich, 1930) possibly 
suggest that when an animal is allowed to compensate for the effects of 
lack of oxygen by increased ventilation resting tissue (rectus femoris and 
testicle) may turn more alkaline than normal. If our assumptions are 
correct the calculated decrease in free carbon dioxide of these tissues 
appears to exceed the acid effect of decreased sodium bicarbonate as 
indicated by the lactic acid content of the muscle and testicle before and 
during oxygen lack. Whether these calculations can be applied to tissues 
exhibiting increasing activity and increased liberation ot volatile and 
fixed acid during oxygen lack, such as the respiratory center and the re- 
spiratory muscles, remains to be determined. For the present it is, there- 
fore, difficult to evaluate the relative effects of changes in acid base equi- 
librium and oxidation-reduction equilibrium on pulmonary ventilation. 
To be sure increased respiratory movements may be associated with either 
decreased or increased rate of oxidations as evidenced in the present series 
of experiments. This might appear to minimize the importance of 
oxidations. On the other hand experiments of a different nature indicate 
independent effects of changes in acidity and changes in oxidation on tissue 
function. These results may ultimately be applicable to the subject of 
respiratory control. Glazer (1929), Winkler (1929), Gettel and Knoepp 
(1929), and Gay (1929) in a series of experiments have demonstrated that 
lowered alveolar oxygen and intravenous injection of cyanide increased 
the response of the muscle to direct stimulation, to stimulation through 
the motor nerve and to reflex stimulation through the afferent nerve fibers 
and that administration of carbon dioxide produced the opposite effects. 
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Eddy (1929) showed that the secretion of the submaxillary gland of pilo- 
carpinised dogs was diminished by lowered alveolar oxygen and cyanide 
injection and increased by administration of carbon dioxide. Nicholson 
(1929) also obtained opposite effects of lowered alveolar oxygen and in- 
creased alveolar carbon dioxide on the outflow of cerebrospinal fluid. 
Carbon dioxide produced a definite augmentation whereas lowered alveolar 
oxygen almost invariably produced a decrease which was followed by an 
increase only after prolonged administration of low oxygen mixtures. 
Gesell and Nyboer (1929) found that lowered alveolar oxygen accelerated 
cardiac rhythm and that carbon dioxide slowed it. The difference in 
effects of administration of gaseous mixtures of low oxygen pressure and 
high carbon dioxide pressure in these various types of experiments is 
easily demonstrable. Only when we come to pulmonary ventilation are 
the effects more comparable and more inseparable. Even here there are 
differences as was pointed out by Haldane (1922) and others (see Gesell, 
1929 Ergebnisse der Physiologie). Lowered alveolar oxygen tends to 
increase pulmonary ventilation largely by accelerated rhythm and carbon 
dioxide increases ventilation largely by augmented breath volume. Gesell 
and Nyboer (1929) have called attention to a similarity of changes in 
vardiac and respiratory rhythm under various conditions. They have 
noted that both cardiac and respiratory rhythm are always definitely 
accelerated by lowered alveolar oxygen and that not infrequently both may 
be slowed by increased alveolar carbon dioxide pressure. On the basis of 
a comparable response it has been proposed that there may be a common 
mechanism of rhythmie discharge in the respiratory and cardiac rhythm 
centers. It is hoped that the following series of experiments on the correla- 
tion of numerous respiratory factors, in which the animals will be allowed 
to control their ventilation, will lead to a clearer differential evaluation of 
the effects of impaired oxidations and increased hydrogen ion concentration 
in the regulation of respiration. 
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To a large extent advance in the science of gastro-enterology waits 
today on more knowledge in regard to the mode of conduction of waves and 
stimuli along the digestive tract. Perhaps the most important point es- 
tablished thus far is that disturbances set up by stimulation of the small 
bowel travel farther caudad than orad. This was noticed by Bayliss and 
Starling during the course of their classic experiments; it was later amply 
confirmed by Alvarez and Starkweather, and it has since been commented 
on by Ganter, Pearcy and van Liere, Gelhorn and Weidling, and Nolf. 

During the last few years we have been studying some of the details of 
conduction in the small bowel of the rabbit. In experiments on the intact 
gut the animals were anesthetized with urethane, the spinal cord was 
pithed distal to the fourth dorsal vertebra, and the abdomen was opened in 
a large tank of warm saline solution. By using commercial sodium chloride 
we obtained cheaply and quickly a solution sufficiently balanced for our 
purposes.' Excised bowel was studied in a Pyrex bread-baking dish filled 
with warm aerated Locke’s solution. 

In order to see how far the effect of an electric stimulus would be trans- 
mitted in different regions of the bowel we fastened two of the clamp 
electrodes, described elsewhere (Alvarez and Hosoi, 1929a), to the ends of 
a loop which was usually 15 cm. long. Sometimes we used longer loops 
but the shortness of the mesenteric fan often hampered us. Threads run- 
ning to light recording levers were fastened with the help of small wire clips 
to the peritoneal coat of the bowel opposite the points gripped by the elec- 
trodes so that when stimuli were thrown in the resulting local contraction 
would be recorded. The passage of propagated disturbances along the 
length of the loop between the two electrodes was recorded with the help 
of other threads fastened here and there, usually at intervals of 5em. All 


1We have recently found that some brands of salt are toxic and cannot be used. 
44s, 


CONDUCTION IN SMALL INTESTINE 449 


the threads were fastened in such a way that the contractions of the circu- 
lar muscle were the ones recorded. By stimulating at the orad end of the 
loop we could study conduction caudad and by stimulating at the caudad 
end we could study conduction orad. 

The stimulus used was generally a faradic tetanizing one. A Harvard 
inductorium was used with one dry cell in the primary circuit and the 
secondary coil at 4cem. Single break faradic shocks sometimes produced 
a weak contraction at the point stimulated but often there was no response 
and there never was any sign of conduction of wavelets along the loop. A 
constant galvanic current of from 5 to 20 milliamperes produced contrac- 
tions with a short latent period and an amplitude smaller than that of the 
responses to faradic stimulation. The disturbances so produced did not 
spread far in either direction. For a time we thought that they did not 
spread at all but when we placed recording levers close to the point stimu- 
lated we found that wavelets could commonly be detected 2 or 3 em. dis- 
tant and occasionally 5 or 6 cm. distant. Galvanic currents, interrupted 
six times in a second, produced disturbances which spread orad and caudad 
much as did those produced by faradie stimulation. Faster interruption 
of the galvanic current sometimes produced a traveling disturbance but 
often it did not. The possible significance of these differences in response 
to different currents will be discussed in a later paper. 

THE DISTANCE TO WHICH THE DISTURBANCE PRODUCED BY FARADIC 
STIMULATION TRAVELED. Before we proceed to an analysis of the records 
we must first warn the reader that distances measured along the bowel of 
the rabbit never can be anything but rough guesses. With a little pull 
one can double the distance between two markers, or the distance may 
double of itself when a full and active loop empties and loses its tone. 
Hence, when in this paper we say 5 cm. or 15 cm. we mean a distance which 
was about that at the beginning of the experiment. 

We must admit also that we often have had difficulty in distinguishing 
between a rise in the record due to conduction of a stimulus and one due 
to some local spontaneous shortening of the muscle. For this reason we 
discarded the many doubtful records and studied the better ones statisti- 
cally in the hope that distribution polygons and their modes would, in 
spite of the inclusion of some falsely interpreted records, give fairly trust- 
worthy information. 

Occasionally the lever descends before it rises, either at the point stimu- 
lated or a few centimeters orad or caudad, and in such eases the interval 
of time between the stimulus and the beginning of inhibition appears to 
be the same as it usually is between the stimulus and the first upward move- 
ment of the lever. 

Figure 1 shows, in the form of percentage distribution polygons, the 
frequency with which, at certain distances orad and caudad from a point 
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stimulated faradically, a disturbance in the activity of the bowel could be 
detected. The shapes of these polygons would doubtless be somewhat 
altered by further work because much depends on the relative numbers of 
animals encountered with good or poor conduction. It is probable also 
that if, more often, we had used long loops, a few of the waves that were 
found to travel 15 em. could have been detected 20 em. away from the 
point stimulated. 

Another defect of these polygons is 
that they do not show how large the 
number of experiments was in which, 
after a stimulus, wavelets could not be 
detected even 5cm. away. In the course 
of 672 stimulations in twenty-five normal 
animals, wavelets, or what for the sake of 
convenience we shall call wavelets, were 
detected at a distance of 5 cm., in the 
duodenum, in 28.2 per cent of the ex- 
periments, in the jejunum in 35.7 per 
cent, in the upper part of the ileum in 
27.2 per cent, and at the lower end of the 
ileum in 19.4 per cent. 

The polygons represent 477 observa- 
tions made in forty-two animals. They 
show first that the range is from 1 to 20 
em. caudad and from 1 to 15 em. orad. 
Conduction over the longer distances 
was observed most frequently in the 

ee ee duodenum. It was observed in a few 
showing the frequency with which instances in other parts of the bowel 
a disturbance in the activity of the when, in another series of experiments, 
bowel could be detected at certain we placed the first recording thread 20 
distances orad and caudad from ¢m_ from the point stimulated. 

a point stimulated faradically. a , 
The modal or commonest distance 
traversed by wavelets orad was 5 cm. 
; while the modal distance for wavelets 
traveling caudad was 10cm. It is not easy to study conduction in the 
duodenum because this part of the bowel is very active; there are many 
spontaneous changes in tone which make it hard to interpret the records, 
and the irritability is so great that many of the stimuli give rise to peristal- 
tic rushes. Since the rushes behave differently from the wavelets we 
discarded all those records in which the traveling disturbances showed no 
sign of a decrement. 
Long distance conduction. When we found that we could so rarely de- 
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tect signs of conduction more than 15 cm. away from a point stimulated we 
suspected that Alvarez and Starkweather were mistaken when they 
thought they could detect signs of conduction 40 em. or more caudad to 
the point stimulated, but later it occurred to us that they might have been 
dealing with another type of conduction which is probably mediated by 
long nerve paths either in the mesentery or in the wall of the bowel. There 
is no question that activitiesin one part of the bowel can almost immediately 
affect the tone and rhythmic activity of other parts. As Alvarez and Ma- 
honey pointed out, a rush wave starting in the duodenum will often cause 
the lower end of the ileum to become tonic and abnormally active, and the 
emptying of the cecum or rectum often will cause temporary inhibition of 
the waves of the stomach or of the rhythmic movements of the duodenum. 

We therefore changed our technic; we fastened the first recording levers 
30 and 40 cm. caudad to the point stimulated, and then we occasionally 
found small but definite increases in the amplitude of the rhythmic con- 
tractions. Thisresponse came so quickly that conduction must have taken 
place by way of efficient nerves. We could demonstrate this type of con- 
duction in only a few animals, but it may well be that another type of 
stimulus, perhaps from the inner surface of the bowel, would have been 
more effective. 

Absence of descending inhibition. The disturbance spreading out from a 
point stimulated almost always showed itself as a rise in the level of the 
record. In hundreds of experiments we rarely saw anything that re- 
sembled a myenteric reflex ; that is, contraction orad and relaxation caudad. 
As already mentioned we sometimes saw, either at the point stimulated 
or a short distance away, what looked like inhibition followed by contrac- 
tion. Sometimes this was due to the slipping of the electrode off the bowel 
and onto the mesentery where it probably stimulated postganglionic in- 
hibitory nerves (fig. 2"). 

As one would expect from the work of Bayliss and Starling who demon- 
strated their ‘“‘Law”’ only in denervated bowel, we occasionally were able 
to show descending inhibition in animals in which the vagus and splanchnic 
nerves had been cut and allowed to degenerate ; but even in these animals, 
in perhaps 98 per cent of the experiments, the response, if any, was con- 
traction at the point stimulated and also orad and caudad. 

Occasionally, as can be seen in figure 2», after traveling for several centi- 
meters as a wave of excitation, the disturbance produced by the electric 
stimulus caused temporary relaxation of the muscle or a lowering of the 
amplitude of a few rhythmic contractions. One wonders whether the 
phenomenon is due to a weakening of the stimulus or the fact that nerve 
tracts that mediate inhibition are longer than those that mediate stimula- 
tion. The problem is complicated by the fact that rarely (fig. 2°) depres- 
sion in one segment was followed by contraction in the segments imme- 
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diately caudad, or no contraction in one or two segments was followed by 
contraction in the next segment (figs. 2¢ and 2°), 

The nature of the traveling disturbance. Throughout this discussion we 
have used the term wavelet although we doubt if the disturbance which 
spreads orad and caudad from a point stimulated can always be identified 


b 


Fig. 2. Records from intact bowel stimulated with faradic current. The figures 
between the lines represent distances on the bowel between recorders. Synchronous 
points are marked. a. Probably arush following stimulation at the orad end. Fol- 
lowing this, stimulation at the caudad end produced local inhibition, and contrac- 
tion 5 cm. orad. 6. Stimulation at the orad end produced a traveling disturbance 
which showed itself first as a contraction, then relaxation, and later contraction 
again. Stimulation at the caudad end produced only contraction. c. Stimulation 
orad produced inhibition 5 cm. caudad and contraction 10 cm. caudad. d. Stimula- 
tion at the orad end had little or no effect for a distance of 10 cm. and then produced 
contraction. e. Stimulation at the orad end had practically no effect at a point 15 
em. caudad but produced contraction at a point 20cm. caudad. f. Faradic stimula- 
tion at the caudad end produced locally slight contraction followed by relaxation. 
At a point 3 cm. orad it produced contraction. 


asa wave. As we watched we could sometimes see a contraction traveling 
over the first five centimeters of bowel near the electrode but beyond this 
the disturbance was generally too faint to be detected with the unaided 
eye. 

Relation between strength of stimulus and distance traversed. With weak 
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stimuli there appeared to be some relation between the distance to which 
a wavelet traveled and the height of the initial contraction, but with strong 
stimuli there was little sign of any such relation. 

The bowel was capable of much better conduction in some animals than 
in others, but why this was we could not learn. In one rabbit which pre- 
sented the picture of unusually frequent and rapid peristaltic rushes, con- 
duction as tested by faradic stimulation was not particularly good, nor was 
it particularly good in another rabbit with diarrhea and an unusully 
active cecum. Similar individual differences were found in the efficiency 
of conduction when the interrupted galvanic current was used. 

Rate of travel of the disturbance produced by faradic stimulation. Again we 
must warn the reader that the measurements presented can be only ap- 
proximate,and that some erroneous ones doubtless have been used in caleu- 
lating averages. Especially when one is analyzing short records on a fast 
drum it is hard to be sure that a rise in the lever was due to the electric 
stimulus and not to some spontaneous activity. All we could do was to 
discard doubtful records and then study the remainder statistically in the 
hope that positive errors would balance negative ones and that modes and 
means would give information of value. The fact that when mean rates 
of conduction orad and caudad in different parts of the bowel were calcu- 
lated they were found to fall into graded sequences (fig. 4), encouraged us 
to hope that we had obtained figures that mean something. 

One difficulty which we had to overcome before we could get concordant 
results arose from the fact that a sudden marked lengthening of the latent 
period of contraction at the point stimulated had no effect on the time of 
arrival of the wavelet 5em.away. Let ussay that ina certain experiment 
the bowel at the point of stimulation responded to several successive stimuli 
after a latent period of 0.2 second. Each time the bowel 5 em. away con- 
tracted 1.2 second after the stimulus, showing that the rate of conduction 
was 5em.asecond. Then the latent period at the point of stimulus sud- 
denly lengthened to 0.8 second. If the disturbance detected 5 em. away 
were a wave of contraction beginning in the muscle at the point stimulated 
it should have taken 1.8 second to reach the next recorder but actually it 
arrived as before, after 1.2 second. This observation agrees with a num- 
ber of others, all of which indicate that the disturbance spreads out along 
conducting paths in Auerbach’s plexus independently of anything that may 
be happening in the muscle fibers in the segment stimulated (figs. 2* and 
2‘). For this reason, when computing rates of conduction we found it 
essential to subtract from the interval between the stimulus and the rise 
of the lever, not the actual latent period observed at the point stimulated, 
but the usual one of 0.2 second. It is curious also that the time which 
the stimulus required to traverse the first 5 em. of bowel was generally 
much longer than that required to traverse the second 5 em. 
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------Orad 


Fig. 3. Percentage distributions showing the frequency with which conduction at 
different rates was observed in intact and in excised bowel. There were 475 measure- 
ments on bowels from thirty rabbits. 
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For the benefit of those who later may wish to repeat this work we will 
say that success depends to a large extent on the speed with which the 
electrodes are attached and the measurements made. Speed is particu- 
larly essential when one is working with excised bowel because after a time 
the responsiveness to stimuli and the ability to conduct disappear. As 
Nolf has pointed out, if the excised bowel is to retain its properties of con- 
duction, the Locke’s solution bathing it must at all times be kept well 
oxygenated, and when the bowel is not being studied, it must be kept so 
cold that metabolic processes are practically stopped. Ascanio and Al- 
yrarez have shown that if the surviving bowel is to be kept in good condition 
for several hours it either must be functioning actively with a plentiful 
supply of oxygen or else it must not function at all. Metabolism with 
deficient oxygenation leads rapidly to autolysis and death. 

Figure 3 shows the distribution of 475 measurements made in four dif- 
ferent parts of the intact bowels of thirty apparently normal rabbits. In 
every instance the length of the loop was5em. Conduction caudad was 
observed 286 times and conduction orad 189 times. The range was from 
1 to 13 em. a second and there was a poorly defined mode at the point cor- 
responding to 2.5cm.asecond. Figure 4 shows that the mean rate of con- 
duction was fastest in the duodenum and slowest in the lower end of the 
ileum. Ordinarily one could not put trust in means with such large prob- 
able errors but, as will be noted in figure 3, the whole distribution curve 
representing data from the lower end of the ileum is so much shorter than 
that for the duodenum that there can be little doubt about the difference in 
the means. 

The slow rate of conduction found in the ileum fits with a number of 
other observations which have been described in recent papers by Alvarez 
et al., which indicate that the lower end of the small bowel is poorly sup- 
plied with myenteric nerves. The rate of travel of the wavelets was 
about the same as that of beginning peristaltic rushes. 

A study of the means suggests that conduction caudad was a little 
faster than conduction orad. This is what one would expect from the 
gradient theory of peristalsis, but the measurements were often so hard to 
make, the differences orad and caudad were so slight (one would expect 
them to be so with a measured distance of only 5 em.), and the probable er- 
rors so large that we cannot be sure of anything. Under the circumstances 
it is remarkable that the expected difference in rates orad and caudad is to 
be found in almost every group of measurements made in the four differ- 
ent parts of the bowel, intact and excised, and in both normal and vagot- 
omized animals. Taking together all the measurements made in all parts 
of the bowel of the intact normal animal, the means for the rates orad and 
caudad were respectively 4.15 and 4.50 em. a second. The difference of 
0.35 + 0.16 em. a second is only 2.2 times its probable error and this gives 
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a probability of only 6.3:1 that it is significant. According to the Chi- 
square test (Pearl) the probability is 5.2:1 that the difference between the 
two distributions is not due to random sampling. 

CONDUCTION IN EXCISED BOWEL. Conduction was more easily demon- 
strated in the excised bowel than in the intact one, which suggests that in 
the living animal the extrinsic nerves maintain an inhibitory effect. That 
this inhibition is exerted mainly by the vagus nerves was shown by the 
fact that when they were cut and allowed to degenerate, conduction was 
as easy to demonstrate in the intact bowel asinthe excised. Furthermore, 
inhibition having been removed by vagotomy, we could hardly expect to see 
further improvement in conduction after excision of the bowel, and actu- 
ally none was observed. 

Degenerative section of the major splanchnic nerves not only removed 
inhibition, but apparently led to the injury of some of the paths along which 
conduction normally takes place. 
As a result, in splanchnicotomized 
animals conduction over a distance 
of 5 em. was seldom demonstrable. 
This offers perhaps some confirma- 
tion of the recent work of van 
Campenhout who, after excising a 


§ g g g part of the neural crest of frog and 
chick embryos and allowing them to 
a & i develop, became convinced that the 
myenteric plexus of the small bowel 


is formed from sympathetic cells, 
and not from vagal cells, as has 
previously been taught. 

Table 4 in an article by Alvarez 
and Hosoi, gives for the different types of experiment performed, the num- 
ber of instances in which conduction was demonstrable, expressed as per- 
centages of the number of stimulithrownin. As stated in the introduction 
to this paper, in the intact animal the electrodes with recording levers 
were placed 5 cm. apart on the bowel. In the experiments on excised 
bowel the electrodes were placed 10 em. apart and another lever was 
fastened midway between them so that we could take note not only of a 
number of wavelets traveling 5 cm. but also of the number of those few 
that traveled 10 em. 

Figure 3 shows the distributions of the rates of conduction observed in 
the excised bowel. It will be seen that these rates tended to be faster than 
those observed in the intact bowel. The range is greater and the distribu- 
tion curves show no decided mode. This absence of a mode is due largely 
to the fact that bowel from different animals varied so markedly in its 


Fig. 4. The gradation in mean rate of 
conduction from duodenum to ileum 
with intact and excised bowel. 
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ability to conduct that the range for one animal sometimes barely over- 
lapped the range for another. Figure 4 shows that the means ranged from 
7.2 cm. a second in the duodenum to about 6.0 em. a second in the lower 
part of the ileum. Again, there was a gradation from duodenum to ileum, 
and the rate of conduction caudad was a little faster than that of condue- 
tion orad. This is curious in view of the fact that the differences are too 
small to be statistically significant. 

ComMMENT. A number of the observations made during the course of 
this work indicates that Nolf is right and that conduction along the bowelis 
mediated by nerves. These nerves are apparently stimulated by a suit- 
ably interrupted current but not by a constant one, and the same appears 
to be true of the extrinsic nerves of the digestive tract. Judging from the 
very slow rate of conduction observed, the nerves in the myenteric plexus 
must be sluggish, much like those found in lowly forms of life. Such slug- 
gishness might explain their failure to respond well to single shocks. 

More evidence of a nervous type of conduction is to be found in the fact 
that the time of appearance of a contraction 5 cm. distant from the point 
stimulated appears to be independent of what happens at this point. In 
fact, in many instance the lever attached 5 cm. orad to the point stimu- 
lated was observed to rise a few seconds before the one attached to the 
segment in the grip of the electrode. Comment on this and many other 
curious observations made by us during the course of this study will be 
reserved for another paper. 


SUMMARY 


The small intestine of rabbits was stimulated with a faradic tetanizing 
current and records were obtained of the local contraction and of the dis- 
turbance which spread orad and caudad. 

Make and break faradic and galvanic stimuli produced a local contrac- 
tion but little or no sign of a traveling disturbance. Interrupted galvanic 
stimulation produced effects similar to those of interrupted faradie stimu- 
lation. After faradic stimulation a disturbance traveled orad from 1 to 
15 em. and caudad from 1 to 20 em. The modal distance orad was 5 em. 
and the modal distance caudad was 10cm. The best conduction was seen 
in the duodenum. 

In a few animals a disturbance could be detected 40 or 50 em. caudad to 
the point stimulated. Such conduction was rapid and was mediated prob- 
ably by nerves in the mesentery. 

The response to electric stimulation of the rabbit’s bowel is practically 
always contraction locally and orad and caudad. Bayliss and Starling’s 
law does not hold true for the rabbit. 

Occasionally after traveling a short distance as a wave of contraction 
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the disturbance produced by anelectric stimulus manifested itself as a wave 
of relaxation. 

In the intact bowel the rate of conduction varied from 1 to 13 em. a 
second with a mode about 2.5em. The mean varied from 5 em. a second 
in the duodenum to 3.8 em. a second in the terminal ileum. In excised 
bowel the mean rate varied from 7.2 cm. a second in the duodenum to 6.0 
cm. a second in the terminal ileum. In both intact and excised gut the 
rate caudad was a little faster than the rate orad. 

Conduction in the wall of the bowel appears to take place by way of 
nerves which are sluggish like those in lowly forms of life. 
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There are two direct methods of studying the effects of posture upon 
the circulation of blood in the legs. Bock, Dill and kdwards (1930) em- 
ployed one of these when they injected histamine into an ankle vein and 
found that the time elapsed before the heart rate accelerated was about 
twice as long in the erect as in the recumbent posture.? This indicates 
that the velocity is decreased when standing but does not prove that the 
quantity of blood flowing through the legs in unit time is less, because the 
cross-sectional area of the path may be increased enough to maintain a 
constant volume-flow. 

The other method involves puncture of the femoral vein and determina- 
tion of oxygen utilization in the legs.* Blood thus obtained in contrast 
to that from a superficial vein, represents the metabolic processes of a 
considerable fraction of the skeletal muscles and possibly as much as 30 
per cent of the body volume. Blalock (1929) has made a study of patients 
with varicose veins and includes the record of one subject with normal 
veins. In this one subject he found a considerable decrease in oxygen 
content with change from the recumbent to the erect posture. Related 
investigations are reviewed in his paper and need not be referred to here. 
Our experiments have been carried out on 10 normal subjects with the 
aim of determining 1, the extent of variation among individuals in respect 
to oxygen utilization in skeletal muscles at rest, and 2, the effect of posture 
on oxygen utilization. 


1 Fellow of the C. R. B., Educational Foundation. 

2 This is a technique developed by Weiss and his associates. Apparently Hering 
was the first to develop a method for estimating ‘‘least time’’ of blood flow. Poi- 
seuille (Compt. rend., 1843, xvi, 60) applied the method to the horse by injecting 
potassium ferricyanide solution in one jugular and determining the time of arrival 
in the other by analysis of a series of blood samples. Values for ‘‘least time’’ ranged 
from 25 to 34 seconds. 

3 We are indebted to Drs. Soma Weiss and L. B. Ellis of the Boston City Hospital 
for having taught us the technique of puncturing the femoral vein 
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HbO: OXYGEN 
cT* bO2z CONTEN’ 
CAPACITY HbO: CONTENT TRANSPORT 


| vols. per vols. per per cent vols. per. 


saturation | cent 
| 


Lying 90.2} 0.9 
Doorakian < Standing 9. 2.9% 65.4 5.{ 
| 


Stevens 


Anderson 
Jordan 
Koerper 


Bowen 


19.8: 
Consolazio «S$ 20 


+0 


15.36 
Smith* ; 16 
+1 


20.§ 


+1. 


L 19.74 | 62 13 
Average 20.9: 8.87 2.4 02 
+121) —5.75 31.7 | 


* Smith was a hospital patient with gastric ulcer but with a normal heart. Aside 
from Bock, Dill and Smith, the subjects were college students ranging in age from 19 
to 26 vears. 
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TABLE 1 
RATE 
98 
| 75 
3 | —23 
= 20.05 16.20 80.8 | 2.85 
| 21.25 11.62 54.7 8.57 
A 4+1.290| —4.58| —26.1| +5.72 
iL 13.84 76.1 3.42 56 
Dill a 19.59 8.44 43.1 10.17 60 
+142} —5.40) --33.0| +6.75| +4 
21.72 18.26 84.2 2.37 72 
S 22.87 12.64 55.3 | 9.09 80 
L 20.07 15.50 77.3 3.57 62 
20.80 6.42 30.8 13.34 75 
4.. +0.73| —908| —464] +4977 +13 
21.17 15.83 74.8 4.28 72 
28.07 8.76 37.9 13.16 | 76 
A +1.90| —7.07| -—369]| +8.88 +4 
ae 20.50 13.34 65.0 6.14 79 
21.82 7.70 35.3 13.03 88 
A. | +1.32 —5.64 —29.7 +6.89 +9 
7.852 36.8 11.92 
A | +6 67 
10.17 66.3 4.42 | 72 
5.36 31.7 10.74 | 132 
4 81 —34.6|} +6.32 +60 
L 11.86 | 56.6 8.05 | 66 
Bock Ss 7.31 31.9 14.41 70 
A 4 —4.55 | -24.7| +6.36 +4 
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The subjects came to the laboratory without breakfast and rested on 
a bed for 30 to 50 minutes. The puncture was made under novocaine 
anesthesia and was without pain or unpleasant after-effects. Then the 
subject stood quietly and after 10 to 15 minutes the second puncture was 
made while the subject continued standing. About 20 cc. of blood were 
drawn into a well-oiled syringe and transferred under oil to a tube con- 
taining heparin. After mixing, 5 ec. were immediately transferred to a 
small sampling tube over mercury and held at 5° until analyzed. A similar 
portion was saturated with oxygen by equilibration with air at 20° for 30 
minutes in a tonometer of about 300 ec. capacity. The oxygen content 
was then determined in duplicate by Van Slyke’s procedure and the usual] 
corrections were made for free oxygen. 

The results are shown in the table. When the subjects were reclining, 
saturation of venous blood with oxygen ranged from 56.6 to 90.2 per cent. 
In the standing posture the range in saturation was from 30.8 to 65.4. 
Since arterial blood may be taken as 95 per cent saturated, it is easy to 


calculate oxygen transport, that is, the volume of oxygen transported per 


100 volumes of blood. Thus the range in oxygen transport varies from 
0.98 to 8.05 vols. per cent in reclining subjects and from 5.81 to 14.41 in 
standing subjects. The average oxygen transport while standing was 2.7 
times greater than the average value for reclining subjects. 

Due tothe increase in metabolism with change from the reeumbent to the 
erect posture it is not possible to estimate exactly the change in volume- 
flow of blood in the legs. Penedict and Benedict (1924) have found that 
such a postural change produces an increase in total metabolism of about 
10 percent. Not all of this increase is in the legs but the assumption that 
the tissues drained by the femoral vein have an increase of one-third in 
metabolic rate probably is liberal. This means, if there were an unchanged 
rate of blood flow, with change from reclining to erect posture, there would 
be an increase in the oxygen transport from 4.13 to 5.5 vols. per cent. 
Since the observed value for oxygen transport in fact increased to double 
the latter quantity or 11.0 vols. per cent, it appears that in the erect posture 
one-half as much blood flows through the legs in unit time as in the reelin- 
ing posture. 

These results have many interesting implications. Since Bock, Dill 
and Edwards (1930) have found that the decrease in velocity of venous 
return in the legs upon change from the reclining to the erect posture is of 
the same order of magnitude as our observations indicate for change in 
volume flow, it appears that the mean path is not much changed with 
postural change. Superificial veins of the legs obviously contain more 
blood when a subject is standing but the approximate correspondence 
of velocity and volume flow suggests that the deeper veins are less subject 
to change in diameter with change in posture. Yet it isa common observa- 
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tion that the volume of the legs often increases while an erect posture is 
maintained. It seems likely that the increase in leg volume is due only in 
part to blood stagnation, for this implies an increase in cross-sectional 
area of the mean path. A large part of the increase probably is due to 
transfer of protein-free fluid from blood to tissues as indicated by the 
observations of Thompson, Thompson and Dailey (1928). In harmony 
with their results we have found that change in oxygen capacity is asso- 
ciated with a corresponding change in serum protein concentration as 
indicated by the refractive index. 

The well-defined effect of postural change on oxygen transport is no 
less interesting than the fact that individual values extend from 1 to 8 
volumes per cent in reclining subjects. Doorakian was the only subject 
who exhibited excitement during the first puncture. Others may have 
been emotionally disturbed but none admitted it. The situation was 
different when the subjects were erect. Koerper fainted outright but 
waited two hours and was then able to proceed without concern. Bowen, 
Smith and Jordan were somewhat upset, Consolazio and Dill were slightly 
affected and the others appeared to be wholly unconcerned. 

Such variations in rate of flow through the legs are almost certainly not 
accompanied by corresponding changes in cardiac output. Thus Grollman 
(1929) has found that emotional disturbances have little effect on cardiac 
output, the maximum increase being one-fourth. It appears, therefore, 
that there may be reciprocal changes in rate of flow in different parts of 
the body. If the heart is putting out blood at a constant rate, changes in 
rate of flow through the periphery must be balanced by reciprocal changes 
elsewhere. This is true not only of variations in individuals while reclining 
but also of the average change in rate with change in posture. No one 
has found that postural change is accompanied by a change in cardiac out- 
put of the order corresponding to the change we have observed in flow 
through the legs. Accordingly when one changes from the reclining to 
the erect posture, it is possible that there is an increased rate of flow in 
the central area. 

The extent of variation in blood flow through the legs at rest indicates 
a corresponding variation in cross-section of the capillary bed. This 
may be dependent upon proportion of open capillaries or upon the mean 
diameter of open capillaries. The latter possibility is suggested by the 
observations of Hartman, Evans and Walker (1929-30) that capillaries in 
the sartorius of the living cat vary in diameter but do not commonly close 
entirely. Since our subjects were at rest the capillary circulation in 
skeletal muscles does not appear to depend in any simple manner on rate 
of carbon dioxide production but must be under nervous or hormone 
control. 


OXYGEN UTILIZATION IN LEGS OF NORMAL MEN 


SUMMARY 


Blood in the femoral vein of man represents a considerable fraction of 
the skeletal muscles. Its oxygen saturation in 10 men with normal circula- 
tion ranged from 56.6 to 90.2 per cent when the subjects were reclining and 
from 30.8 to 65.4 per cent when they were erect. On the average, the 
volume flow of blood through the legs was diminished one-half by this 
change in posture. The wide range of values found for oxygen saturation 
in different individuals indicates that in rest the cross-sectional area of the 
capillary bed can be varied more or less independently of carbon dioxide 
production. 
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The ability to hold the breath varies with the individual. Whether 
this is determined more by physiological or psychological factors is as yet 
an unsettled question. Some of our experiences with breath holding shed 
light on this problem but do not clearly show to what extent the personal 
equation is involved. 

During the latter part of the year 1918 and early in 1919 we secured data 
from 318 American aviators in France who held the breath for from 29 to 
128 seconds. The mean time of the hold was 67.8 + 1.2 seconds. These 
men were instructed to expire once as deeply as possible, then inspire fully 
and hold the breath as long as possible. That this great difference in the 
ability of individuals to hold the breath may have been determined by both 
physiological and psychological factors is indicated by the time required 
to render men semiconscious or unconscious by the breathing of pure 
nitrogen. Intwoinvestigations (Lutz and Schneider, 1919; Schneider and 
Truesdell, 1923) men, while breathing from a Larson automatic respiro- 
meter, were suddenly, but without knowing when, given pure nitrogen. 
In these experiments it was necessary for the observer, who was responsible 
for the welfare of the subject, to be familiar with the objective symptoms of 
anoxemia. When unconsciousness is impending (Schneider, 1924) the 
facial expression tends to become mask-like, the eyes to converge, and the 
pupils to dilate. In something over 200 tests on 45 men the length of the 
period of nitrogen breathing ranged from 47 to 112 seconds, with a mean 
time of 82 seconds. This range of upper and lower limits for nitrogen 
breathing indicates that men who fail to hold the breath for less than 30 
or 45 seconds do so because they are not willing, or are mentally and ner- 
vously unable, to withstand the symptoms induced. The upper limits of 
breath-holding are only reached by men who are able to withstand some of 
the discomforts involved. It is unlikely that such men experience the de- 
gree of anoxemia that is obtained with nitrogen breathing. 

The sensations experienced during an acute anoxemia, such as result 
from nitrogen breathing, are not distinctly unpleasant; in fact they are 
quite like those of nitrous-oxide anesthesia» With breath holding, how- 
ever, there are, in addition to the dizziness and blurred vision of nitrogen 
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breathing, sometimes headache, profuse sweating, suffusion of the blood 
vessels of the head, pressure in the head, and a great sense of effort. When 
asked the reason for giving up the subject replies “I had to give up,” “I 
felt I would burst,” ‘‘the blood rushed to my head,” or “things became 
blurred.”’ It takes will power to withstand such sensations. Some men 
ean hold the breath for only a few seconds after the uncomfortable sensa- 
tions begin, while others hold until the discomfort is very pronounced 

One of the regular exercises in an undergraduate course in physiology 
includes a series of five experiments on holding the breath. In this series 
the man holds his breath until the breaking point is reached 1, after a 
moderate inspiration; 2, after a very deep inspiration; 3, after doing forced 
breathing for two minutes; 4, after three deep breaths of pure oxygen, and 
5, after a period of forced breathing and three deep breaths of oxygen 
In a group of 20 men, who really coéperated heartily, the range of time for 
the period of holding the breath in these five experiments was in 1, 30 to 


- 
- 


Fig. 1. Kymograph record of respiratory movements of E. L. Gaylor. C, costal 
movements. D, diaphragm or abdominal movements. Time record in minutes 
Breath held 14 minutes and 2 seconds. 


105 seconds; 2, 45 to 123 seconds; 3, 65 seconds to 4 minutes and 20 seconds: 
+, 2 minutes and 10 seconds to 5 minutes and 40 seconds, and 5, 3 minutes 
and 30 seconds to 14 minutes and 2 seconds. On one oceasion, by the fifth 
method, another man was recorded at 15 minutes and 13 seconds. The 
ability to hold the breath in the above group varied about as much as it did 
in the group of aviators, some of whom were believed to have coéperated 
with indifference. Thus in experiments 1 and 2 the range for this group of 
20 men was between 30 and 123 seconds, while for the aviators it was be- 
tween 29 and 128 seconds. 

The fifth set of this series of experiments with the 20 men is of special 
interest because several of the holds are unusually long. The distribution 


of the holds was as follows: between 3 and 4 minutes, 1: 4-5 minutes, 3 
5-6 minutes, 2; 6-7 minutes, 3; 7-8 minutes, 1; 8-9 minutes, 4; 9-10 
minutes, 1; 10-11 minutes, 3; 13-14 minutes, 1; and 14 to 15 minutes, 1. 


In this group of experiments the pulse frequency was counted, the arterial 
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blood pressures were determined, and a record of the respiratory move- 


ments was made on a kymograph by two Fitz pneumographs placed over 
the nipple line and the upper abdomen respectively. The pulse frequency 
and the systolic and diastolic arterial blood pressures invariably rose during 
the last part of the period of breath holding and sooner or later, usually 
well along toward the last part of the hold, the diaphragm contracted jerk- 
ily with greater and greater force. 

The complete pulse and blood pressure data for the high record man, 
EK. L. Gaylor, Jr., are given in figure 2 and the kymograph record of the 
respiratory movements is given in figure 1. Another subject, M. Knapp, 


Brearn Hood 


Fig. 2. Plotted circulatory data for Gaylor taken during a period of forced breath- 
ing and of breath holding. The line of abscissas gives time in minutes. 


held his breath for 13 minutes and 34 seconds. Forced breathing accel- 
erated the pulse and augmented the arterial blood pressure of both men. 
During the period when the breath was held the pulse frequency of each 
at first gradually fell below normal for from 5 to 6 minutes, after which it 
accelerated somewhat, but showed considerable variation during the last 
part of the hold. Both the systolic and diastolic arterial blood pressures 
showed a marked rise; the systolic pressure of Gaylor rose from 130 to 180 
mm. and that of Knapp from 124 to 195 mm. The diastolic pressure of 
Gaylor rose from 88 to 110 mm. and that of Knapp from 90 to 140 mm. 

The pulse and arterial blood pressure responses are similar to those 
which occur when the carbon dioxide content of inhaled air is gradually 
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increased (Schneider and Truesdell, 1922), and are quite unlike the effects of 
anoxemia produced by the rebreathing method (Schneider and Truesdell, 
1921). This no doubt means that the objective and subjective symptoms 
that occur during the holding of the breath are caused more by the accu- 
mulation of carbon dioxide than by a lack of oxygen in the body. All of 
our subjects, however, when the fifth plan was used became quite cyanotic 
during the last minutes of the period of breath holding. 

Another observation on the breaking point in breath-holding lends sup- 
port to the belief that the accumultion of carbon dioxide in the body is 
the chief cause of the break. If, as has been claimed by Flack (1919), 
breath-holding shows how soon there is ‘oxygen want” in the body; then, 
when the breath is held in an atmosphere of reduced oxygen, the time of 
holding should be materially shortened. On several occasions the writer 
held his breath in a low pressure chamber at various low pressures that 
simulated high altitudes. On one occasion he, with two observers, was 
subjected to low pressures that corresponded in turn to altitudes of 10,000, 
14,000 and 16,000 feet. Just prior to entering the low pressure chamber he 
held his breath after a deep inspiration for 120 seconds. At the simulated 
altitude of 10,000 feet he held his breath for 122 seconds; at 14,000 feet, for 
128 seconds; and at 16,000 feet, for 120 seconds. Evidently his breaking 
point was not determined in these trials by a want of oxygen, as the oxygen 
supply was much reduced when he was under the several degrees of low 
barometric pressure. At sea level the partial pressure of oxygen in the 
atmospheric air is approximately 159 mm.; while at the simulated altitudes 
of 10,000, 14,000, and 16,000 feet the partial pressure of oxygen was 108, 
93, and 86 mm. respectively. 

It is practically impossible for a man at sea level to voluntarily hoid 
his breath until he becomes unconscious, but under the lowered barometric 
pressure of the low pressure chamber it can quite easily be done. In the 
tests reported above, the writer held his breath until he was unconscious at 
the simulated altitudes of 14,000 and 16,000 feet. His two companions in 
the chamber found it necessary to slap him on the back in order to again 
start his breathing. Loss of consciousness came on so insidiously that such 
an outcome was wholly unexpected. The notes recorded by the two ob- 
servers state that the unconscious subject was very cyanotic. Seldom 
does one see a marked degree of cyanosis in breath-holding tests at sea 
level. 

Some observations made on Pike’s Peak suggest that still other factors 
of blood chemistry than those of the carbon dioxide and oxygen content 
may influence the breath holding ability. During a sojourn of nine days 
on Pike’s Peak, altitude 14,110 feet, barometric pressure 455 mm., two 
subjects, W. R. and E. C.S., showed a falling off in the breath-holding abil- 
ity. In Colorado Springs, altitude 6000 feet, barometer 615 mm., W. R. 
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repeatedly held his breath, after a single deep inspiration, for from 63 to 
75 seconds. The day after he arrived on Pike’s Peak he held his breath for 
61 seconds, the next day he could hold it for only 40 seconds, on the sixth 
day the time was reduced to 32 seconds, and on the last day to 30 seconds. 
In Colorado Springs E. C. 8S. always managed to hold his breath for from 
60 to 73 seconds. During his stay on Pike’s Peak his record is as follows: 
2nd day, 62 seconds; 3rd day, 54 seconds ; 4th day, 49 seconds; 5th day, 43 
seconds; 6th day, 38 seconds; 8th day, 43 seconds; and 9th day, 34 seconds. 
A similar falling off in the ability to hold the breath has been reported by 
other students of Alpine physiology. The reason for this reduction has 
not been determined, but we surmise that it is associated with the decrease 
in the alkaline reserve of the blood. This assumption is supported by the 
fact that the alveolar carbon dioxide pressure of the lungs, which gives an 
index of the changes in the alkaline reserve of the blood, steadily falls off 
for a period of 10 days to two weeks during a sojourn on Pike’s Peak (Doug- 
las, Haldane, Henderson and Schneider, 1913). 

The correlation of breath-holding with other respiratory factors. There were 
127 men among the Army group of aviators who were given the Low Oxygen 
Altitude Classification examination and the English Fitness tests. From 
these data it has been possible to correlate the ability of holding the breath 
with the lowest percentage of oxygen that can be tolerated, with the rate the 
individual consumes oxygen when he is sitting at rest, with the vital capac- 
ity of the lungs, and with the force that can be exerted by the expiratory 
muscles. To evaluate these relationships the coefficient of correlation has 
been calculated. This measures the degree of scatter or of concentration of 
the data. The interpretation of the degree of correlation will be made on 
the following basis (Rugg, 1917): when the coefficient of correlation is less 
than 0.15 to 0.20, the correlation is regarded as negligible or indifferent; 
when it ranges from 0.20 to 0.35, as present but low; and when it ranges from 
0.35 to 0.50 or 0.60, as markedly present. 

The correlation between breath-holding and the rate at which the indi- 
vidual uses oxygen and also the lowest degree of “oxygen want” that he 
can endure was made possible by the official army altitude classification 
examination. In this the aviator is required to rebreathe 52 liters of air 
from which the carbon dioxide is removed by sodium hydroxide. The test 
is terminated when the aviator reaches the point of complete mental in- 
efficiency with unconsciousness impending, or when the circulatory mecha- 
nism indicates that the man is about to faint. 

The coefficient of correlation of breath-holding with the rate at which the 
individual absorbs oxygen was only —0.27 + 0.06, and with the lowest 
degree of “oxygen want” it was as small as —0.18 + 0.06. Such low 
coefficients as these indicate that oxygen is by no means the primary fac- 
tor in bringing on the breaking-point in breath-holding. While a low de- 
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gree of correlation between oxygen and breath-holding was suggested by 
our observations in the low pressure chamber and on Pike’s Peak, yet our 
class laboratory tests showed that a large supply of oxygen in the lungs 
ordinarily extends the time of the hold. In the five tests of breath-holding 
in the series used in the laboratory, the time of the hold is often longer 
when just oxygen is inhaled than when hyperventilation of the lungs is 
alone employed as a preliminary measure. Of the 20 cases reported above, 
only six failed to do as well with the oxygen alone as they did with hy- 
perventilation alone. 

The coefficient of correlation between the breath-holding ability and the 
vital capacity of the lungs for 127 cases was 0.24 + 0.06. This shows a 
correlation between the two, but it is too low to make the vital capacity 
of the lungs a highly important factor in determining the length of time 
the breath can be held. Among these men the vital capacity averaged 4330 
ec., the smallest was 3090 ce. and the largest 6620 cc. The two men who 
had the largest vital capacity managed to hold the breath only 55 and 69 
seconds respectively. The man with the smallest vital capacity, 3090 cc., 
held his breath 74 seconds. The longest hold, 128 seconds, was made by 
one whose vital capacity was 4300 ce. 

The coefficient of correlation between breath-holding and the expiratory 
force was 0.46 + 0.05. For the determination of the expiratory force the 
subject was asked to steadily blow the column of mercury in a U-tube 
manometer as high as possible, and not to swing it up by the momentum of 
the mercury. This gives a measure of the power of the abdominal and 
other expiratory muscles. The mean expiratory force for the 127 cases 
was 119.98 + 1.87 mm. Hg, the range was from 68 to 208 mm. The co- 
efficient of correlation of 0.46 is fairly high and indicates that there is a 
very reliable correlation between breath-holding ability and the power of 
the expiratory muscles. 

It is interesting to find that the coefficient of correlation between ex- 
piratory force and vital capacity for our group of cases was only 0.25 + 
0.06, which is a decidedly lesser degree of correlation than obtained between 
breath-holding and expiratory force. Expiratory force and breath-holding 
both involve the personal factor of leaving to the subject the decision of 
when to quit; while the physiological and anatomical factors involved in 
expiratory force and vital capacity are similar, they do not seem to pos- 
sess the common psychological factor, will power or determination, in- 
volved in expiratory force and breath-holding. The high correlation in the 
one case and the lower in the other suggest that it is the psychological rather 
than the physiological factors that determine the outcome. This is in 
accord with White’s (1920) experience with respiratory tests from which he 
concluded that they were tests of the stability of the nervous system, 
rather than of cardiac and pulmonary conditions; and with Birley’s (1918) 


| 
| 
| 
| 
| 
| 
| 
| 


470 EDWARD C. SCHNEIDER 


experience with English aviators during the war when he found that breath- 
holding, expiratory force, and other simple respiratory tests afforded valu- 
able information in assessing temperament and susceptibility to shock. 

Taken in their entirety the observations here recorded indicate that for 
the majority of men the length of time the breath ean be held is determined 
more by psychological than by physiological factors. When, however, the 
length of time is determined by physiological factors, it is the composition 
of the blood, its alkaline reserve and its content of carbon dioxide, which is 
of primary importance; while a lack of oxygen is only a secondary cause in 
determining the length of the hold. 
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We have undertaken to determine how far the reflex ares required for 
standing and walking are complete in the spinal cord. ‘The investigation 
has been limited to the hind limbs because, as is well known, in a decapi- 
tate cat, even though the transection has been made at the lower border 
of the medulla oblongata and four segments above the origin of the roots 
of the brachial plexus, the activity of the fore limbs is profoundly depressed 
and it is extremely difficult to secure any responses whatever from them 
(Sherrington, 1910; Beritoff, 1922). 

It. is well known that rhythmic stepping movements alternating in the 
two hind limbs occur in the spinal animal (Sherrington, 1910, 1913b; Miller, 
1923). But no one so far as we have been able to learn has transected 
the spinal cord at. various levels with a view to ascertaining what was the 
lowest level of transection which allowed of rhythmic stepping movements 
in the hind limbs and whether this, when it occurred, was well developed 
and as fully coérdinated as spinal stepping can be or whether after more 
anterior sections the stepping was more perfect, and what was the lowest 
possible section compatible with full and perfect spinal stepping. 

The rationale of this approach to the problem of spinal reflex function 
becomes evident when one thinks of the longitudinal arrangement of the 
fibers in the white matter of the spinal cord. The various levels of the 
gray matter are linked one with another by longitudinal association fibers. 
Even a purely segmental reflex with afferent and efferent conductors in a 
single spinal nerve might be expected to be influenced by these long intra- 
spinal association pathways. It seemed to us that one reflex might he 
more dependent than another on these longitudinal pathways and the 


superjacent segments. We have investigated this question with reference 
to the various ipsilateral and contralateral reflexes, the Stiitz reflex, 
standing, and the rhythmic movements of progression. 

It is known that spinal animals are not entirely lacking in that extensor 
tonus of the limbs which is essential for supporting the weight of the body 
in the standing .posture. Apparently this tonus is more marked in the 
spinal dog than in the spinal eat. She» ugton (1910) states that he 


471 


| 

| 

| 

| 

| 

| 

| 
| 


S. W. RANSON AND J. C. HINSEY 


decapitate cat cannot stand and that when it is placed in the erect posture 
it immediately sinks—the limbs have no power to oppose gravity. Noth- 
ing is said of the behavior in this respect of the chronic low spinal cat. 
But the dog becomes able to stand some weeks or months after tran- 
section of the spinal cord at the 10th thoracic segment. The hind legs are 
capable of maintaining the extended posture and supporting the weight of 
the posterior half of the body for minutes at a time. 

Two factors are apparently responsible for this difference between 
decapitate cats and chronic spinal dogs. Time is udoubtedly important 
especially in the cat. We have repeatedly seen chronic spinal cats stand 
for more than a minute but the decapitate cats which we have studied 
were unable to bear the weight of the posterior part of the body on the 
hind legs unless the standing reflex was frequently reinforced by pinching 
the tail. It also seems probable that there is a marked difference in this 
respect between the cat and dog. The neural balance in the spinal dog 
seems to be more favorable for extensor reactions. We have only pre- 
pared one decapitate dog, but when this preparation was supported in a 
hammock with the legs hanging pendent, it resembled somewhat a decere- 
brate preparation. All four limbs were held fully extended and the hind 
quarters of the animal could readily be raised and supported for at least 
30 seconds by upward pressure against the pads of the hind feet. In our 
four decapitate cats we never saw a comparable extensor tonus. 

It is of significance also that Sherrington used spinal dogs for the demon- 
stration of the extensor thrust (1906) and that for chronic spinal prepara- 
tions he preferred dogs (1910). It is also to be noted that in the spinal dog, 
the knee jerk may be tonic (Sherrington, 1909). In such preparations it 
seems quite possible that crossed extensor reflexes may be much more 
easily obtained than in the cat. 

Mertnops. Naturally in such an investigation as this the post-operative 
treatment of the animal is of the first importance. The cats eat meat 

sadily but drink relatively little milk. To obviate this deficiency in 
fluid intake, we made a practice of giving 80 cc. of warm salt solution sub- 
cutaneously every other day. The bladder and rectum were evacuated 
daily by manual pressure over the abdomen. 

The spinal transections were performed aseptically under deep ether 
anesthesia. About 1 cm. of the dura was exposed and opened. The 
spinal cord was cut across with a sharp knife at the lower border of the 
laminectomy opening and the cord in front of the section was raised out of 
the dural sac until the entire area of its cut surface could be easily seen. 
This left no possibility of doubt that the cord had been completely divided. 
After all hemorrhage had ceased, the opening in the muscles was closed 
with silk sutures in the lumbo-dorsal fascia and the margins of the skin 
were brought together with skin clips. In all of our animals, the wounds 
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healed without infection, excepting three cats (nos. 13, 15 and 18) in 
which the clips broke through the skin on the sixth or seventh day and 
caused an infection of the subcutaneous tissue. In all three of these the 
autopsy showed that the wound in the muscles had healed completely and 
aseptically. The infection developed at the end of the first week, was 
subcutaneous and strictly localized. As it did not appear to have affected 
the reflex activity of the animal the data from these experiments were 
included in table 1. 

The cats were allowed to survive the operation for periods varying from 
2 to 23 days. The cats which were killed within the first two or three days 
after the operation had recovered from a previous operation (section of the 
posterior part of the right lateral funiculus) and were sacrificed early so 
that ascending degeneration resulting from the spinal transection should 
not complicate the other investigation. 

The observations were made from day to day with the cats supported in 
a hammock of muslin stretched across a frame and with four large openings 
through which the legs hung pendent (fig. 2). The stimuli by which the 
reflexes were elicited while the cat was supported in this way were for the 
most part natural ones, e.g., pinching of the toes, upward pressure cf 
the hand against the pads of the toes, and pinching the tip of the tail or 
the skin over the back of the sacrum or in the region of the perineum. In 
11 of the animals at the end of the last period of examination in the ham- 
mock, the tibial nerve was exposed at the inner side of the ankle, cut, and 
stimulated through shielded electrodes with the faradic current. 

Observations were also made on acute spinal preparations. For this 
purpose 4 cats were decerebrated and then the spinal cord was cut at 
L1,L1,L2,and L3 respectively. 

Kymograph records were made of the responses of the isolated gastroc- 
nemius and tibialis anterior muscles in thirteen of the chronic spinal 
preparations. For this purpose, immediately after the last examination 
in the hammock, the cats were decerebrated by the anemic method of 
Pollock and Davis. Every one of these animals came through the decere- 
bration in excellent shape and made good preparations for the graphic 
registration of the reflexes. External heat was applied when needed to 
keep the body temperature normal. 

The right leg was rigidly fixed by a drill through the lower end of the 
femur and by a clamp on the middle portion of the femur and another on 
the tibia. The drill and clamps were securely fastened by bolts to the 
table. The leg was so securely fixed that only the movements of the two 
muscles which were being studied could be transmitted to the recording 
levers. The hamstring muscles and the insertion of the quadriceps were 
severed. The contractions of the gastrocnemius and anterior tibial 
muscles were recorded on the kymograph by means of approximately 
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TABLE 1 


Summary of observations on reflexes in intact hind legs of chronic spinal cats 


a = absent; t = trace; p = present;g = good. The figures preceding these letters 
indicate the number of days after operation when the particular observations wer 
made. 
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rABLE 1—Cont 
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TABLE 1—Concluded 
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isotonic levers with long rubber bands used in the place of weights. The 
gastrocnemius, although it is a potential flexor of the knee as well as an 
extensor of the ankle, always contracts in company with the other extensors 
and never takes part in flexor reflexes (Sherrington, 1913a). 

In both legs the tibial nerve was exposed and divided at the medial side 
ofthe ankle. The nerves were stimulated with shielded platinum electrodes. 
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Sometimes later in the experiment the left femoral nerve was al 
divided and stimulated. For the purpose of comparison, similar re 
were made from decapitate and decerebrate preparations, and in these 
preparations, the saphenous nerve as well as the femoral and tibial was 
stimulated. 

In the experiments on chronie spinal cats a Harvard coil was used with 
automatic interruptions at the rate of 50 per second and the break shocks 


were not short circuited. The primary current was approximately 2 


Fig. 


Fig. 1. Cinematographic pictures illustrating the ability of a chronic spinal cat to 
stand. The spinal cord had been cut through the last thoracic segment eleven days 
before the pictures were taken. 

Fig. 2. Cinematographic pictures of the crossed flexion reflex in the chronic spinal 
cat eleven days after section of the spinal cord through the last thoracic segment 
(A) Before the stimulus the left leg is held in a position of extension. (B) The left 
leg was flexed in response to pinching the toes of the right foot C) Extensor 
rebound following the crossed flexion reflex. 


amperes. The position of the secondary coil varied from 13 to 6. The 
stimuli varied from those easily perceptible but not unpleasant on the 
tip of the tongue to strengths which were distinetly painful. 

The Stiitz and stretch refleres. Pressure against the pads of the toes, 
simulating the pressure of the floor against the foot in the standing posture, 
causes a contraction of the muscles of the leg in such a way as to convert it 
into a prop or Stitz. Curiously enough this reflex escaped attention 


except in so far as the extensor thrust (Sherrington, 1906) may be regarded 


as one of its component parts, until Rademaker (1926) discovered it in his 
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decerebellate dogs where it is more pronounced than in normal animals. 
The reaction has been studied in detail by Schoen (1926) and by Pritchard 
(1926). They state that in thalamus animals, pressure on the sole of the 
foot causing extension of the toes and a dorsal flexion of the foot ealls forth 
reflexly the extension and fixation of the entire leg so that it offers strong 
resistance to flexion at all joints. Flexor as well as extensor muscles 
participate in this reaction thus fixing the joints. In spinal animals, 
Schoen could not elicit the reaction. But he says there was a suggestion of 
it when the tonic neck reflex favored extensor tonus. 

Magnus (1926) and Schoen (1926) distinguish between a positive and a 
negative Stiitz reaction. The positive reflex was described in the preced- 
ing paragraph. The negative reflex is induced by passive plantar flexion 
of the toes. This causes a relaxation of extensor tonus and a decreased 
resistance to flexion of the entire leg. It can be demonstrated in the 
decerebrate animal even when the strong extensor tonus makes the 
demonstration of the positive reaction difficult. or impossible. In the 
account which follows, when we speak of the Stiitz reflex, we mean the 
positive reaction unless the negative is specified. 

In producing the positive Stiitz reaction, two kinds of stimuli are opera- 
tive: 1, proprioceptive, from stretching of the plantar flexor muscles of the 
toes and the gastrocnemius, and 2, exteroceptive, from touching the pads of 
the foot (Magnus, 1926). 

We have found what we take to be the Stiitz reflex in spinal animals after 
the period of shock had passed. It is elicited by upward pressure against 
the pads of the foot but resistance to flexion disappears when the toes are 
put in the position of the negative Stiitz reflex. So far as one can judge 
from the behavior of the intact limb the reaction is identical with that 
deseribed by Schoen and Pritchard. To make the identification certain, 
kymograph tracings of the contractions cf the individual muscles will be 
required, 

A glance at table 1 will show that the reflex varied somewhat from day to 
day in the chronic spinal eats but that in general it was present or even well 
developed on the first day in those animals which were examined so soon 
after the operation. In some instances it has appeared as early as one and 
one-half hours after transection of the spinal cord. 

The reaction could not be demonstrated at any time in the three eats in 
which the cord was cut at L 6, although these were observed for two weeks 
ormore. The reflex was observed repeatedly in the two cats with transec- 
tions at L 5. In those experiments in which the cut was made close to or 
through the lumbar enlargement, it was a matter of great importance to 
know just how far caudally the damage extended from the cut surface. 
Microscopical sections of these cords showed that following section at L 6, 
extensive anemic softening occurred in the cord behind the level of the 
transection. 
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The extensive lesions in the lumbrosacral cord in the three cats with sec- 
tions at L 6 were evidently due to an interference with the circulation in the 
anterior spinal artery. The softening was for the most part confined to the 
area of distribution of the branches of this vessel. In order to determine 
whether anything similar occurred in the other spinal cords, sections were 
prepared from the two cords transected at L 5, one transected at L 4, one 
transected at L 1 and one transected at T 8. In each of these the segment 
through which the transection passed had been badly damaged but the 
next segment behind showed surprisingly little change, in hematoxylin and 
eosin or in cresyl violet preparations. The time which had elapsed was not 
sufficient for the formation of gitter cells in the degenerating fiber bundles. 
There was considerable destruction of nerve cells in the divided segment but 
practically none in the segment behind. 

In two cats with transections at L 3 very good Stiitz reactions were 
obtained. The quadriceps femoris muscle received its motor fibers from 
the fifth and sixth lumbar nerves with a small contribution from the 
fourth. It is therefore clear that for the occurrence of the Stiitz reflex, 
no part of the cord above the level of the representation of the quadriceps 
is required. 

Out of six decapitate cats, in which, after ligation of both carotid and 
both vertebral arteries, the spinal cord was cut across at its junction with 
the medulla oblongata and which then received 7 mgm. of ephedrine, the 
Stiitz reaction was obtained in five. In one of these it was seen fifteen 
minutes after the transection. In none of the five was the reaction strongly 
developed, but in some of them it was possible to reinforce it by pinching 
the tail. Reinforced in this way, the Stiitz reaction became so powerful 
that the hind legs would support the weight of the body for a time. 

These tests were made as follows: The cats were supported in the 
hammock with the legs pendent. When an upward pressure was exerted 
by the hand against the pads of the toes there was slight but definite 
resistance to flexion. This resistance was usually increased if the pressure 
was made against the pads of both feet at the same time. Pressure of the 
hammock against the skin of the abdomen and groin serves as a stimulus 
reinforcing the Stiitz reflex and the reflex is more easily demonstrated 
when the animal is in the hammock than when it is lying on its side. 

Pinching the tip of the tail sometimes caused a very marked increase in 
the Stiitz reaction so that the hind quarters of the animal could be elevated 
without bending the legs. When after some seconds the legs would begin to 
bend, pinching the tip of the tail would cause them to straighten out again. 
In this way, by frequently pinching the tail, the animal could be kept 
standing on the hand for two or three minutes at a time. 

In many of the chronic spinal cats, a similar though usually less striking 
reinforcement of the reflex could be obtained by pinching the tip of the tail, 


| 
| 
| 
| 
| 


480 S. W. RANSON AND J. C. HINSEY 


but this was not universally the case. In some of these cats, pinching the 
tail caused inhibition of the Stiitz reflex. Inhibition of this reflex could 
always be produced by pinching the skin over the back of the sacrum or 
lower lumbar vertebrae, or even somewhat farther lateralward in the flank. 
Stimulation well to one side of the midline caused inhibition apparently 
equally well in both hind legs. No doubt this sensitive inhibitory reflex 
from the skin of the back is responsible for the difficulty in demonstrating 
Stiitz-tonus when these spinal animals are lying on their backs. 

The positive Stiitz reflex was often unequally developed in the two legs 
and sometimes during one period of observation it would first be more marked 
on one side and then a few minutes later more marked on the other side. 
Again there would be periods when it would be increased or decreased on 
both sides together. 

The negative Stiitz reflex is more easily demonstrated in decerebrate 
than in spinalanimals. But in the latter, upward pressure against the foot 
with the toes sharply plantar flexed, very seldom encountered any resist- 
ance. There was therefore a great difference in the resistance encountered 
in flexing the legs when the toes were extended in the position for the 
positive reaction and when they were flexed in the position for the negative 
reaction. In two of the experiments, some resistance was encountered 
even when the toes were plantar flexed. In these instances the negative 
Stiitz reflex was imperfect and the positive reaction elicited from stretching 
the gastrocnemius and soleus was able to assert itself. 

If the knee was first passively extended and then quite suddenly flexed 
by pressure exerted above the level of the ankle a very definite resistance to 
flexion was encountered. This reflex was noted as early as 24 hours 
after the operation in some of the experiments. In others it was not noted 
until the second, third, or even the fourth day. Observations in regard to 
this point were made in the last eight cats only, but the reflex was present 
in all except one of them and in that one the transection was at the level of 
the sixth lumbar segment. This resistance to flexion can most easily be 
explained as due to a shortening reaction (Sherrington, 1909) and stretch 
reflex (Liddell and Sherrington, 1924, 1925) in spite of the fact that’ it was 
observed within a day or two after the transection. Sherrington (1909) 
states that the shortest interval at which he found the shortening reaction 
in a spinal dog was 16 days, but on that occasion it disappeared again to 
return more permanently about a month after the transection. 

When the Stiitz reaction is tested in the intact leg it is impossible to say 
how much of the resistance to flexion is due to it and how much is due to the 
stretch reflex. The fact that there is a definite resistance to flexion of the 
knee when force is applied above the ankle clearly shows that the Stiitz 
reaction is only one of the factors involved. 

The Stiitz reaction differs from the stretch reflex in three important 
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particulars (Schoen, 1926). It is partly of exteroceptive origin, while the 
stretch reflex is purely proprioceptive. Furthermore, stimuli restricted 
to the foot call forth contractions in the muscles of the entire leg, while, 
according to Sherrington, the stretch reflex is specific for the particular 
muscle in which the stimulus arises. In the third place, the Stiitz reflex 
causes contraction in flexor as well as in extensor muscles while the stretch 
reflex has only been found in extensor muscles (Liddell and Sherrington, 
1924, 1925; Schoen, 1926). 

The extensor thrust was seen by Sherrington (1906) in the spinal dog. 
As we have already said, it seems probable that extension reflexes may be 
better developed in the spinal dog than in the spinal cat. We did not see 
an extensor thrust in our spinal cats but we did not look for it symetrically 
in all of them. 

The knee jerk is also an ipsilateral extension reflex. It was present in 
all our cats with transections at L 5 or above and was seen from the first 
day after the operation as long as the observations were continued. 

Standing. In our six decapitate cats, the fore legs remained flaccid 
throughout the experiment and the hind legs never developed sufficient 
tonus to enable them to support the weight of the hind quarters unless the 
Stiitz reflex was reinforced by pinching the tail. 

In the series of chronic spinal cats no attention was paid at first to the 
question of standing. When our attention had been attracted by the 
strong Stiitz reflex to the possibility of standing, fourteen out of the twenty- 
three cats had already been killed. The remaining cats were each tested 
for standing on at least two different days and the results have been sum- 
marized in table 1. 

The lowest level of transection after which we were able to make the hind 
legs bear the weight of the body in the standing posture was at the third 
lumbar segment. On the 18th day a cat*(no. 10) with transection at this 
level, stood, bearing the weight of the posterior half of the body on the 
hind legs, for two minutes. It could not balance itself but it could support 
its own weight. The two cats in which the section passed through the 
fifth lumbar segment. were unable to stand, although in both of them there 
was a positive Stiitz reflex. Moorhouse (1930) has recently published 
graphic records of standing in spinal dogs. 

Posture. Systematic observations on the posture of the hind legs were 
not begun until near the end of the series of experiments when only 8 cats 
remained. As might be expected after transection of the spinal cord 
through the sixth lumbar segment the legs hung flaccid when the cat was 
supported in the frame. But the remaining seven cats, with sections at or 
above L 1, all exhibited on one examination or another a definitely extended 
posture, i.e., the hind legs hung in a more extended position than they 
would if completely paralyzed. They therefore showed some extensor 
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tonus, though this extended posture was not nearly so great as that seen 
in decerebrate rigidity. 

It should be noted that this extended posture was observed only when the 
cats were suspended in the hammock with legs hanging pendent. We have 
shown that thalamus cats, which, when on their feet crouch in a normal 
posture with a normal balance of tonus between flexors and extensors, 
exhibit very definite decerebrate rigidity when suspended in the same 
manner in the frame (Hinsey, Ranson and MeNattin 1930). Unpublished 
experiments show that the extensor rigidity resulting from section of the 
posterior part of the lateral funiculus at the lower end of the cat’s medulla 
oblongata can best be demonstrated when the animal is supported in this 
way. Itseems that there may be something about this method of support 
that is favorable for the development of extensor tonus. The head is in 
the position of nearly minimal vestibular tonus (Magnus, 1924) and in any 
case vestibular tonus could not be a factor in spinal animals. We have 
repeatedly observed that tactile stimulation of the skin of the abdominal 
wall and inguinal fold causes a reinforcement of extensor tonus in these 
animals. We believe that the pressure of the hammock against the skin 
of the abdomen and groin serves as a stimulus which may at least partly 
account for the increased extensor tonus exhibited by thalamic and spinal 
animals when supported in this way (Hinsey, Ranson and McNattin 
1930). 

Flexion and extension reflexes. There is an enormous literature on the 
reflexes in spinal, decapitate, decerebrate and thalamic animals and even 
a cursory review of this work would exceed the limits of this paper. The 
observations which we have to report fall in line perfectly with those 
reported by Graham Brown (1911-1912) and support his conclusion that 
a flexion-producing stimulus does not merely activate the flexor and 
inhibit the extensor apparatus,:but that it causes inhibition of the flexor 
and activation of the extensor apparatus as well, although these secondary 
effects may be neutralized and masked by its primary action. And ina 
converse manner the same holds true for an extension-producing stimulus. 
He shows how this leads to a variability of reaction. Although flexion is 
the usual response to ipsilateral stimuli, extension may at times be 
the result. In the same way a contralateral stimulus may call forth 
flexion instead of extension. There thus exists a “dilemma of reaction’ 
which is very well illustrated by our results. We cannot go into the 
theoretical bearing of these results at this time but hope to do so in another 
paper. In this place we are concerned only with recording the results 
which we obtained and showing how the reflexes varied with varying levels 
of transection. 

We have observed the flexion and extension reflexes and rhythmic 
stepping movements in spinal animals with intact hind legs at various 
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periods after the operation. For this purpose the animal was supported in 
a hammock with the legs hanging pendent. Rhythmic stepping move- 
ments could sometimes be elicited by pinching the tail or the skin of the 
perineum. Touching the foot and pinching the toes were the stimuli 
used in eliciting the flexion and extension refiexes. In some of the animals, 
at the termination of the last examination, the tibial nerve of the left leg 
was exposed and stimulated with shielded electrodes. The animals were 
then decerebrated and prepared for the registration of the reflex responses 
of the right gastrocnemius and tibialis anterior elicited by stimulation of 
the right and left tibial nerve at the inner side of the ankle. The fact that 
the reflexes observed in the intact legs showed so far as these could be 
observed the same character and variability as those recorded on the 
kymograph gives us added confidence in the results. We could usually 
predict the character of the tracings, which we would succeed in recording 
from the character of the reflex responses observed in the intact limb. In 
one instance, however, a cat which showed a well defined crossed extension 
reflex in the intact legs gave flexion as the only crossed response that could 
be recorded on the kymograph. In this instance a definite reversal of the 
type of reflex response was brought about by the procedures necessary for 
making the tracings, i.e., preliminary anesthesia, decerebration and the 
dissection of the legs. 

It is well known that ipsilateral flexion is the easiest reflex to elicit in 
spinal animals. In fact, in the isolated spinal cord the neural balance 
seems to be definitely shifted toward the flexor side (Graham Brown, 1912: 
Forbes, 1922; Forbes and Baird, 1929; Forbes, Cobb and Cattell, 1923; 
Sherrington and Sowton, 1914). This shifting of the neural balance in 
spinal as compared with decerebrate preparations is largely to be explained 
by the cutting off of the impulses which normally play upon the extensor 
ares of the spinal cord from the tonic center inthe hind brain. It accounts 
for the ease with which contralateral flexion is obtained in spinal cats and 
the difficulty of obtaining ipsilateral extension under these conditions. 

Flexion reflexes. Brisk ipsilateral flexion could be elicited in the hind 
legs by pinching the toes within fifteen minutes after decapitation. We 
have not examined the reflexes during the first few minutes following 
spinal transection but we have repeatedly obtained the reflex within an 
hour or two following the operation. It was the least variable of all the 
reflexes studied as can be seen by reference to table 1. It was present in 
every animal with the section at L 5 or above and although it varied some- 
what in briskness and in the height to which the foot was withdrawn, it 
was always easily demonstrated. Cat 12 constitutes the only exception 
to this statement. On recovering from the anesthetic it exhibited signs of 
pain and tore out the skin clips. On the following day it was apathetic and 
the hind limbs entirely reactionless. On autopsy the eord was found to 
be soft. 
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In none of the three cats with sections through the sixth lumbar segment 
was it possible to demonstrate this or any other reflex in the intact limbs. 
The cats were kept 7, 12, and 16 days respectively and were in excellent 
condition. On autopsy the cord below the section appeared normal. But 
microscopic sections showed that extensive softening had occurred in the 
gray matter for at least two segments below the level of the transection. 
This disintegration of the sixth and seventh lumbar and first sacral segment 
from which the flexor muscles receive their innervation accounts for the 
complete absence of the flexion reflex in these three cats. 

While the ipsilateral flexion reflex was present after transections through 
or above L 5, the movement was much brisker and more extensive after 
the higher transections especially those near the middle of the thoracic 
cord. 

It has quite generally been accepted as a law that when a reflex response 
is elicited in one leg by stimulation of a sensory nerve of the opposite leg it 
involves the extensor muscles while the flexor muscles either show no 
change or undergo relaxation. But it is known that this law is subject to 
exceptions (Brown and Sherrington, 1912). 

Contralateral flexion in the intact leg can be demonstrated when the 
cat is supported in the hammock with the legs hanging pendent. The most 
effective stimulus is the pinching of the toes together, the toes on each 
side of the foot being forced together on the dorsal side of the two middle 
toes. The pressure must be strong, uniform, and not too brief. When the 
reflex is present, the ankle slowly flexes and if the reflex is well developed, 
the knee and hip participate. Flexion persists while the stimulus continues 
but as soon as this ceases there usually occurs an extensor rebound which 
carries the leg into full extension. After a brief period of extension the leg 
returns again to a resting posture. In figure 2 there is represented the 
posture of the leg before the reflex begins (A), at the height of the response 
(B), and during the subsequent phase of full extension (C). 

The rebound contraction of the extensor muscles can easily be mistaken 
for a primary crossed extension reflex. It may appear while the stimulus is 
being applied if the pressure on the toes is not maintained in a uniform 
manner. 

As will be seen from table 1, contralateral flexion was demonstrated in 
the intact legs of most of the cats with transections at L 5 or higher. But 
it is more difficult to elicit than ipsilateral flexion and causes less movement 
of the leg and the movement is much slower. While contralateral flexion 
was more difficult to elicit than ipsilateral flexion, it was more often 
obtained than contralateral extension. When no clear-cut crossed reflex 
can be demonstrated it is often possible to demonstrate a decrease in the 
positive Stiitz reaction, i.e., an inhibition of the extensor muscles as a 
result of contralateral stimulation. 
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It was sometimes noted that the character of the crossed reflex obtained 
depended upon the position in which the leg was hanging. In cat 7, 
when the right leg was hanging in an extended position, pinching of the 
toes on the left foot caused the right ankle to flex. But if the right leg were 
first flexed, the same stimulation would cause it toextend. Reversal of the 
type of reflex caused by changing the posture of the leg has been described 
in detail by Magnus (1924) under the designation of ““Reflexumkehr.”’ 

Flexion in one intact leg can be elicited by electrical stimulation of the 
contralateral tibial nerve at the ankle. Tests of this sort were made on 
seven of the cuts. The stimuli were rapidly repeated induction shocks 
perceptible but not at all painful on the tip of the tongue. In four of the 
cats the response was contralateral flexion chiefly at the ankle joint. This 
response was obtained from cat 18 with section at T 10, cat 19 with section 
at T 8, cat 22 with section at T 13, and cat 24 with section at L1. Contra- 
lateral extension was seen in two of the seven cats, cat 21 with section at 
T 4and cat 27 with sectionat T8. Incat 16 with section at T 13, stimula- 
tion of the left tibial nerve caused brief extension followed by prolonged 
flexion in the right leg. 

Tracings of the movements of the gastrocnemius and tibialis anterior 
muscles in the flexion reflex are shown in figure 3. 

In this place we are concerned only with recording the results which we 
obtained and showing how the various reflexes varied with varying levels 
of transection. We wish, however, to emphasize certain points about the 
stimuli which we employed. The electrodes were applied to the tibial 
nerve at the inner side of the ankle. The stimuli were rapidly repeated 
make and break induction shocks (50 interruptions per second) and were 
well above the threshold though not excessively strong. Experiments 
subsequently made with decapitate and decerebrate animals lead us to 
believe that if we had used very weak or slowly repeated stimuli on the 
tibial nerve or had used the saphenous nerve instead of the tibial we might 
have obtained more orthodox results, that is to say, the crossed reflex 
might have been predominantly extensor instead of predominantly flexor 
in type. 

In the contralateral flexion reflex (fig. 4) the tibialis anterior usually 
does not shorten as much as when it contracts in response to ipsilateral 
stimuli, but the contraction and relaxation may be equally abrupt. If the 
gastrocnemius exhibits tonic shortening at the time the stimulus is applied 
it may be inhibited and this muscle may lengthen (fig. 4). Rebound con- 
tractions of the gastrocnemius frequently occur after cessation of the 
stimulus, but they do not form a conspicuous feature of the tracings 
(fig. 5). 

On the other hand, rebound contractions of the gastrocnemius after the 
cessation of the stimulus form a very prominent part of the response to 
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many ipsilateral stimuli. Occasionally the extensor contraction may 
be delayed for several seconds after the end of the stimulus and after the 
relaxation of the flexor contraction (fig. 7). In other cases it may follow 
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Figs. 3-6. Tracings recorded by tibialis anterior (above) and gastrocnemius 


(below). Time in seconds. 
Fig. 3. Ipsilateral flexion reflex. Cat 22 with transection at T 13, 22 days after 


the operation. Tibial nerve, coil at,13 cm. 
Fig. 4. Contralateral flexion reflex. Cat 22 with transection at T 13, 22 days after 


the operation. Tibial nerve—coil at 6cm. 
Fig. 5. Contralateral flexion reflex. Cat 21 with transection at T 4, 23 days after 


the operation. Tibial nerve—coil at 13 cm. 
Fig. 6. Crossed extension reflex. Cat 24 with transection at L 1, 14 days after the 


operation. Tibial nerve—coil at 13 cm. and set at 45°. 


immediately on the relaxation of the flexor contraction. The rebound 
contractions of the extensor muscle following the ipsilateral flexion reflex 
are usually very prolonged but occasionally this tonic contraction may be 
preceded by one or two quick contractions and relaxations (fig. 8). 
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Figs. 7-11. Tracings recorded by tibialis anterior (above) and gastrocnemius 
(below). Time in seconds. 

Fig. 7. Ipsilateral flexion with delayed extensor rebound. Cat 22 with transection 
at T 13, 22 days after the operation. Tibial nerve—coil at 6 cm. 

Fig. 8. Ipsilateral flexion followed by rhythmic extensor rebound and then by 
sustained extensor contraction. Cat 22 with section at T 13, 22 days after the 
operation. Tibial nerve—coil at 6 cm. 

Fig. 9. Stepping movements superimposed upon a background of sustained con- 
traction. Cat 15 with section at T 12, 12 days after the operation. Contralateral 
femoral nerve—coil at 6 cm. 

Fig. 10. Crossed extension followed by postexcitatory extensor rebound. Cat 
17 with section at L 6, 7 days after the operation. Tibial nerve—coil at 6 cm. 

Fig. 11. Ipsilateral extension followed by postexcitatory extensor rebound. Cat 
17 with section at L6, 7 days after the operation. Tibial nerve—coil at 6 cm. 
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These rebound contractions are greater in extent, more frequent in 
occurrence and more prolonged in the records of the ipsilateral than in 
those of the contralateral flexion reflex. Yet when these reflexes are 
observed in the intact legs, rebound extension is seen quite regularly 
after contralateral flexion and very rarely after ipsilateral flexion. There 
is in this respect a marked difference in the behavior of the intact limb 
and that in which the muscles and nerves have been exposed in preparation 
for the tracings. 

Contralateral extension. With the animal hanging in the hammock it 
was as a rule more difficult to elicit extension than flexion by stimulation 
of the opposite foot. It could more oftea be evoked with weak than with 
strong stimuli. Sometimes lightly toucsing the foot would cause extension 
while forcefully pinching the toes together would cause crossed flexion. 
One must, however, be continuously on guard against mistaking an extensor 
rebound which follows the cessation of a stimulus for a true crossed exten- 
sion reflex which occurs during stimulation. 

The reflex was most easily produced when the leg had previously been 
brought into a flexed position. This is another instance of reflex reversal 
called forth by changes in posture (Magnus, 1924). Sometimes crossed 
extension would follow the first’ contact of the hand with the foot but could 
not be elicited a second time. 

Production of a crossed extension reflex on electrical stimulation of the 
tibial nerve at the ankle was also uncertain. As we have said, such stimu- 
lation caused in four out of seven cats flexion instead of extension. 

When we succeeded in producing a crossed extension reflex, the contrac- 
tion was not very high or prolonged (fig. 6). A study of the tracings shows 
that a pure crossed extension reflex unaccompanied by any contraction of 
the flexor muscle was obtained in 6 of the 13 cats. In four other cats, con- 
tractions of the gastrocnemius were obtained but they were complicated 
by flexor rebound or by alternate or cocontraction of the flexor muscle. 

It might be expected that the level of the transection would be an im- 
portant factor in determining whether the preparation would yield contra- 
lateral responses of the flexor or extensor type. But we could find no 
evidence that this was the case. It is true that no crossed extensor 
responses were obtained from either of the cats with transactions at L 5, 
but a fairly good contralateral contraction of the gastrocnemius (fig. 10) 
was obtained from cat 17 whose cord had been cut at L 6. This cord 
showed on microscopical examination extensive disintegration of the sixth 
and seventh lumbar and first sacral segments. In these segments the 
lateral funiculus, the lateral part of the anterior gray columns and parts of 
the posterior gray columns and posterior funiculi were largely intact. But 
extensive softening had occurred in the territory supplied by the anterior 
spinal artery, including the ventral funiculus and medial part of the 
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anterior gray columns. The commissures of the cord also seem to have 
been largely destroyed. In fact it is surprising that with the cord in such 
condition, any reflexes could be elicited at all. Yet a fairly good crossed 
response of the gastrocnemius was recorded in this cat and it was followed 
by a marked post-excitatory rebound (fig. 10). We also obtained in this 
cat an ipsilateral contraction of the gastrocnemius followed by post- 
excitatory rebound (fig. 11). The crossed response could be obtained only 
twice but the ipsilateral extension could be obtained as often as the stimu- 
lus was applied and always took the form shown in figure 11. It is there- 
fore clear that surprisingly little of the cord needs to be intact for the 
occurrence of th: extensor reflexes. No response whatever could te 
obtained from the flexor muscles in this preparation. The gastrocnemius 
muscle must have received its innervation from the group of cells which 
persisted in the lateral part of the anterior horn. Probably the cells 
supplying the tibialis anterior were among those which had degenerated. 

This cat with a badly damaged cord is the only one of the series which 
gave an ipsilateral extension reflex. Probably if we had used very weak 
stimuli we would have encountered this response more frequently. 

The ‘‘dilemma of reaction’’ between flexion and extension in the contra- 
lateral response was just as evident after high as after low transections. 
Both types of responses were obtained after transections at T 4, T 8, T 10, 
T 12,T13,L1,L2, L3 and L 4. 

Extensor afterdischarge in spinal animals. The extensor rebound 
following the ipsilateral flexion reflex gives evidence of very prolonged 
afterdischarge. The contraction illustrated in figure 8 lasted more than 
2 minutes. Of course since this muscle was not deafferented it might be 
argued that this represented a shortening reaction superimposed upon 
the rebound contraction. But in the record reproduced in figure 7 the 
rebound contraction was delayed more than 20 seconds after the end of the 
stimulus. In this instance the inhibitory afterdischarge was unusually 
long and prevented the excitatory afterdischarge from making itself 
felt until after the lapse of many seconds. We have seen many of these 
delayed rebounds although usually the delay is not solong. It seems clear 
that in such reactions the excitatory afterdischarge must have persisted 
at least until the height of the rebound contraction was reached. Even 
allowing for the possibility of a shortening reaction being responsible for 
such long contractions as that shown in figure 8, there is evidence that 
extensor a‘terdischarge in spinal cats may last for many seconds. In- 
hibitory afterdischarge may last 4 seconds in spinal animals (Fulton, 
1926, p. 346). 

Two explanations have been advanced to account for the afterdischarge 
which is such a characteristic feature of reflex contractions. Sherrington 
(1925) has suggested that there may be a piling up of an excitatory sub- 
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stance in the neurones or at the synapses during stimulation and that this 
substance gradually dissipates itself in maintaining the discharge of the 
motor neurone after the stimulus has ceased. Another hypothesis has 
been advanced by Forbes (1922). He thought that a sensory impulse 
spreading out along branching pathways in the central nervous system 
would reach a given motor center as a succession of impulses, since each 
pathway would have a different conduction time. This would hold equally 
true for inhibitory and excitatory ares. Fulton (1926) criticises this con- 
ception as follows: ‘‘Afterdischarge of 5 or 6 seconds’ duration is some- 
times observed in the crossed extensor response of the deafferented quadri- 
ceps and for impulses to be delayed to this extent at the rate of conduction 
in mammalian nerve, it would be necessary for the impulse to travel for a 
distance of 500 metres, i.e., for more than a quarter of a mile. Even with 
due consideration of the known complexity of central nervous paths and 
possible synaptic delays, this would almost amount to an impossibility.” 

Since prolonged afterdischarge occurs after low spinal transection in 
preparations in which the brain and the: cervical and thoracic portions of 
the spinal cord can play no part it is obvious that any delay paths which 
function in these experiments must be restricted to the lumbosacral 
portion of the spinal cord. Such paths might be thought of as consisting 
of closed rings in the manner illustrated in figure 12. The diagram repre- 
sents a longitudinal column of extensor motor neurones and associated 
premotor neurones arranged in such a manner as to account for the after- 
discharge. It is known that in an extension reflex all of the extensor 
muscles contract and that in a flexion reflex all of the flexor muscles contract 
irrespective of what sensory nerve is used in calling forth the response. 
This could be brought about by the linking together of the motor or pre- 
motor neurones of similar function so that they would discharge simul- 
taneously or in rapid succession. It is known that the motor impulses of an 
extensor afterdischarge are not sent out in simultaneous volleys, but are 
out of phase (Cooper and Adrian, 1924). An impulse transmitted to one 
of the premotor neurones in the diagram (fig. 12) would be propagated 
around the ring activating the motor neurones in turn. The motor im- 
pulses would therefore be out of phase. An impulse once started in the 
ring would go around and around until interrupted by synaptic fatigue, 
and as long as it continued to travel the circuit it would continue to 
activate the associated motor neurones. The diagram might be con- 
structed many different ways and the one given in figure 12 is not intended 
as anything more than an illustration of the basic idea. 

Since the afterdischarge seen in spinal animals with transections through 
the upper lumbar cord cannot be explained as due to impulses traveling 
delay pathways to the brain and since the length of such delay paths 
would have to be very great if they were to account for afterdischarges 
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lasting many seconds, it would seem that such pathways do not offer a 
satisfactory explanation of the phenomenon. Forbes (1929) has recently 
come to the conclusion that “the most prolonged afterdischarge of the 
crossed extension reflex would require a sort of central reverberation.” 
The conception of reverberating neurone circuits has certain advantages. 
It does not require the postulation of anything different from or in addition 
to the conduction of the nerve impulse. If the circuit is long enough to 
prevent the quick onset of fatigue it accounts for afterdischarge lasting 
minutes at a time. In the particular form in which it is illustrated in 
figure 12, it would account for the linking together of the extensor motor 
neurones in such a manner that they would discharge regularly in rotation 


Fig. 12.—Diagram of a possible arrangement of motor and premotor neurones which 
would account for after discharge. 


with relatively long periods of rest. This would account for the fact that 
in tonic contractions the motor impulses are out of phase (Cooper and 
Adrian, 1924), and are discharged from the motor neurones at very slow 
rates (Adrian and Bronk, 1929; Denny-Brown, 1929). 

This scheme might well explain the primary and secondary waves in 
action potential records described by Cooper and Adrian (1924) in the 
crossed extension reflex during stimulation. The primary waves would 
correspond to synchronous discharges from the motor neurones due to 
sensory impulses acting on the premotor neurones shown in this diagram; 
while secondary waves would be due to the fact that the reverberation 
responsible for after discharge was brought into activity. If during stimu- 
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lation the afferent impulses were brought to the premotor neurones, one 
would expect a fairly synchronous discharge over the neurones of the final 
common path corresponding to stimulation frequency. At the cessation 
of stimulation, reverberation over the arcs shown in figure 12 would result 
in an asynchronous discharge of impulses which is characteristic of the 
afterdischarge, where, according to Cooper and Adrian (1924), ‘‘There is 
never any regular frequency in the electric responses or any indication of 
the rhythm which existed during the stimulation.” 

Diagrams of reverberating neurone circuits could be constructed to 
account for flexor afterdischarge and for inhibitory afterdischarge. 

Stepping. All of our cats were carefully observed for the occurrence of 
stepping movements while supported in a hammock with the legs hanging 
pendent. This could be most easily elicited by pinching the skin of the 
perineum and less readily by pinching the tip of the tail. None of the cats 
showed ‘“‘spontaneous”’ stepping while hanging in the hammock. 

It was not possible to elicit stepping movements in any of the cats with 
transections below the level of the third lumbar segment. Inthe two 
cats with sections at L 5 and in one cat with section at L 4 which showed 
considerable reflex activity in the hind limbs, no rhythmic stepping move- 
ments were seen. In the cats with spinal transection at levels from the 
third lumbar to the thirteenth thoracic segments, reflex stepping was 
either very poorly developed or could not be elicited at all. Fairly good 
rhythmic stepping alternating in the two legs was seen in one cat with the 
transection at T 12. In the two cats with transections at T 8 and the two 
with transections at T 4, rhythmic stepping alternating in the two legs 
was much better developed. 

The question arises as to how far the improvement in the stepping with 
sections farther and farther forward can be correlated with an improvement 
of the flexion and extension reflexes. There is a parallel improvement of 
the ipsilateral flexion reflex which is much more brisk and extensive after 
sections through the midthoracic than after sections through the lumbar 
segments of the cord. On the other hand, as is shown by table 1, there is 
no parallel improvement in the contralateral flexion or extension reflexes. 
The dilemma between these two responses persists after midthoracic as 
well as after lumbar sections. We are inclined to believe that the im- 
provement in the ipsilateral flexion and reflex stepping at the higher levels 
is due to the fact that a larger number of longitudinally conducting 
pathways are intact. 

In a few of the kymograph records we saw evidence of stepping, that is, 
o% rhythmically repeated contraction and relaxation occurring reciprocally 
in the flexor and extensor muscles and of a rate definitely slower than that 
of the scratch reflex. Sometimes such movements occurred during or 
immediately after stimulation applied to the contralateral femoral or 
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tibial nerves. This was to be seen in the tracings made by six of the eats, 
but the stepping was very imperfect in four of these (sections at L 1, T 12, 
T 10, and T 8). In both cats with transections at T 4, excellent stepping 
was recorded in the tracings (fig. 13). In fact, this stepping was so perfect 
as to indicate that the controlling neural mechanism was quite complete. 
But the movements of progression are not “spontaneous” as they are in 
thalamic or after high decerebrations. 


Fig. 13. Rhythmic stepping movements in tibialis anterior (above) and gastroc- 
nemius (below). Cat 21 with section at T 4, 23 days after the operation. Contra- 
lateral femoral nerve—coil at 8 cm. 


SUMMARY 

In cats the spinal cord was transected at levels varying from L 6 to T 4. 

Varying amounts of time up to 23 days were allowed for recovery. Decapi- 
tate cats and acute spinal cats were also studied. 

The animals were studied while supported in a hammock with legs 

hanging pendent. Later, kymograph records were made of the responses 

in the isolated gastrocnemius and tibialis anterior muscles to stimulation 
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of the ipsilateral and contralateral tibial nerves at the ankle with rapid 
faradic make and break shocks. 

With the animal supported in the hammock there was considerable 
extensor tonus which showed itself best when pressure was made against 
the pads of the toes in the position of the positive Stiitz reaction. This 
reaction was as well developed after transections at L 3 as after transections 
at higher levels. There was also some, though less marked, resistance to 
flexion of the knee when the force was applied above the ankle. The 
Stiitz reflex as elicited from the intact leg cannot be sharply distinguished 
from the stretch reflex. It is inhibited by pinching the skin on the back 
of the sacrum and often reinforced by pinching the tip of the tail. Tactile 
stimuli to the skin of the abdominal wall and groin (pressure of the ham- 
mock) also serve to reinforce extensor tonus in the hind limbs. 

Cats with transections at or above L 3 were able to bear the weight of 
the posterior part of the body on the hind legs for varying periods up to 
3 minutes. 

When supported in the hammock where extensor tonus was reinforced 
by pressure against the abdominal wall and groin the hind legs were often 
held in an extended posture, though sometimes they hunz in the position 
of rest or were even slightly flexed. 

The ipsilateral flexion reflex was obtained with great regularity in all 
animals with transection at L 5 or above. 

The crossed response was more variable. Crossed flexion was more often 
obtained than crossed extension. Sometimes lightly touch ng a foot would 
cause crossed extension and forcefully pinching the toes together would 
cause crossed flexion. Electrical stimulation of the tibial nerve at the 
ankle more often caused crossed flexion than crossed extension both in the 
intact leg and when the contractions of the tibialis anterior and gastroc- 
nemius were recorded on the kymograph. In the crossed response there 
is a dilemma of reaction which makes these reflexes uncertain and difficult 
to obtain. This dilemma is just as pronounced after high as after low 
transections. 

The contraction of the tibialis anterior in response to ipsilateral stimula- 
tion of the tibial nerve is often folllowed by a prolonged rebound contrac- 
tion of the gastrocnemius. The after discharge in this extensor rebound 
contraction may last for many seconds. A diagram of a reverberating 
neurone circuit is given which could be used to explain afterdischarge. 

None of the cats showed “spontaneous” stepping but in many of them 
stepping could be elicited by pinching the skin of the perineum. Good 
rhythmic stepping movements alternating in the two legs were seen after 
transections at T 4 and T 8. After transections below the level of T 12 
stepping movements could not be elicited or were poorly developed and 
difficult to obtain. 
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After the higher sections, stepping was more perfectly coérdinated and 
movements were of wider excursion. In the intact limbs the ipsilateral 
flexion reflex was brisker and more extensive in the cats with high than in 
those with lower transections. It would seem reasonable to assume that 
the ascending and descending paths in the funiculus proprius of the cord 
and the gray matter in the upper lumbar and thoracic segments may take 
some part in the reflex responses of the hind limb and that the differences 
in stepping and in the ipsilateral flexion reflex after higher and lower tran- 
sections may depend upon the extent to which these intraspinal conduction 
paths are left intact. 
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